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Abstract: The perceived quality of street lighting influences pedestrians’ perceptions of safety and

visual comfort, as well as outdoors activities at night. This study explores the association between

street lighting attributes, such as illuminance and wavelength, and pedestrians’ feeling of safety

(FoS) and perceived lighting quality (PLQ) in eight residential districts in Dalian, China. To achieve

this goal, we combine remote sensing technology with ground investigation. The ground research

includes physical measurements of lighting attributes, such as intensity, color temperature, and

glare, as well as survey evaluations of pedestrians’ perceptions of safety and visual comfort. We also

analyze the influence of several environmental factors, such as traffic volumes and vegetation, while

accounting for personal characteristics of the observers, such as gender and age. Findings from the

remote sensing reveal that Dalian’s residential districts differ substantially by their nighttime light

emissions, with high concentration of strong red band (i.e., long wavelength) emissions occurring in

Zhongshan and Jinzhou, and strong blue band (i.e., short wavelength) emissions found in central

Zhongshan. Results from the ground surveys further indicate that a satisfactory level of FoS reaches

at the illumination levels of 5–17 lx, and that people feel safer if nighttime light is warm and uniform.

From a multiple regression analysis, it is also found that illuminance and uniformity are the main

factors affecting PLQ under conditions of low or high illuminance, while glare and color temperature

play a more significant role under high illuminance. In addition, a satisfactory level of PLQ is found

at illuminance levels of 25–35 lx and light color temperature of 4000 K–5500 K.

Keywords: night light remote sensing; light spectra; public space lighting (PSL); feeling of safety

(FoS); perceived lighting quality (PLQ)

1. Introduction

Each city and region has its own unique nighttime light environment. As neigh-
borhood morphologies and local cultures differ, the sense of security and visual comfort
experienced by the residents of such diverse environments may also differ. Many studies of
night light in urban environments were based on remote sensing data provided by space-
borne instruments [1]. The main advantages of this approach include a large observation
range, a stable observation platform, and high measurement efficiency [2]. It also has
unique advantages in the study of large-scale urban environments. However, remote
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sensing data represent a macro-urban night image, which does not accurately reflect street
level lighting attributes. Furthermore, even most of the studies which used remote sensing
and/or instrumental ground measurement [3], did not integrate people’s perceptions and
feelings towards the measured lighting. In this paper, remote sensing, measurement, and
human perceptions of the nocturnal urban environment are combined for quantitative
and qualitative analysis. As nighttime illumination is not a goal in itself, but is needed
to support human activities, public perception is an indispensable part of an effective
environmental nighttime light evaluation.

Public space lighting (PSL) is an important part of the urban environment that con-
tributes to the overall feelings of safety (FoS) and visual comfort of pedestrians after natural
dark [4,5].

Previous studies have found that risk perception is an important factor in people’s
nighttime activities and has a significant impact on human behavior [6]. Safety perception
(or a fear of crime) is a different phenomenon than actual crime. This is because the lack of
Feeling of Safety (FoS) might trigger people’s stress response and restrict their nighttime
activities [7]. According to several studies, people’s concerns about personal safety increase
sharply after dark [8]. Studies have also shown that improvement in street lighting can
increase the level of community safety and reduce the fear of crime [9].

The factors influencing FoS after dark include not only illuminance, but also other
lighting attributes, such as uniformity, light color rendering, and light color tempera-
ture [10]. Studies by Portnov et al. [11], Saad et al. [12], and Svechkina el al. [13] were
based on a modern mobile phone survey technology for data collection, and indicated
that illumination levels, either perceived or instrumentally measured, can affect the feeling
of safety (FoS) of pedestrians after dark. In particular, Svechkina et al. [13] established
an evaluation model between road lighting attributes and the feeling of safety (FoS), and
found that lighting has a certain positive impact on FoS. In addition, Portnov et al. [11]
established a model linking different PSL attributes with FoS. The research shows that
higher illumination level and uniformity have a positive impact on FoS, and rich blue light
has a negative impact on FoS This conclusion is supported by another recent study by Saad
et al. [12], who found that using warmer lights and increasing light uniformity can help to
save energy while maintaining a reasonable FoS level.

Visual comfort, also known as perceived lighting quality (PLQ), refers to the realization
of residents’ physiological and psychological satisfaction based on people’s subjective
feelings. In a study of this phenomenon, Johnson et al. [14] explored the perceived outdoor
lighting quality (POLQ) index. Through the factor analysis, the researchers identified two
main components of POLQ, one of which is perceived intensity quality (PSQ), related to
the intensity and direction of the light source, and the other is perceived comfort quality
(PCQ) that to light color temperature and glare. However, this field research was not based
on a sufficient number of assessments, so its applicability on a global scale is limited. Fotios
and Cheal [15] studied how the spectral power distribution of a lamp affects the perception
of illumination quality by pedestrians at night. In a separate study, Vera and colleagues [16]
explored the effect of discomfort glare on pedestrians under static and dynamic conditions.
The results show that the effect of discomfort glare on pedestrians in the dynamic state is
lower than in the static state. The study also revealed that the vertical illuminance has the
greatest correlation with discomfort glare, and a discomfort glare model based on vertical
illuminance performed better in comparison to other models [17,18].

Outdoor lighting is an important part of total global lighting, and exhibits an annual
growth of 3–6% [19]. A good outdoor lighting system for residential areas not only im-
proves the aesthetic quality of the environment, but also minimizes energy consumption
and reduces operating costs. Otherwise, the excessive illumination may become light
pollution [20]. This research attempts to address this challenge by studying the nighttime
lighting environment in typical residential areas in Dalian, China, by combining remote
sensing with on-ground measurements of lighting attributes and assessing residents’ FoS
and PLQ under lighting conditions measured using a field survey. After cointegrating the
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data, we analyzed the factors influencing the perceived levels of safety and comfort, using
multiple regression techniques.

2. Research Methods

2.1. Research Process

The study selects the research objects by using remote sensing images and population
data, conducts field lighting measurement and subjective evaluation research in 8 typical
residential areas in Dalian, compares the lighting values and subjective scores of 8 residen-
tial areas, and analyzes the reasons for the observed differences. The regression model of
lighting parameters and evaluation values is established, and the safety model and comfort
model are obtained. Study phases are featured in Figure 1.

 
Figure 1. Technical route of the study.

At the first step, we downloaded the Dalian satellite cloud-free map from the ISS
luminous image archive (Figure 2). The downloaded image was for the year 2010, the
latest image available for the study area, with the spatial resolution of ~40 m per pixel. The
image was cropped and geo-referenced, to match the study area. Next, we extracted the
red, green, and blue band images of the target image (Figure 3) [21]. The blue (i.e., the short
wavelength) light minimizes energy waste while maintaining visual performance where
low illumination levels are required [22]. However, blue light illumination is known to
adversely affect circadian rhythms and melatonin secretion in animals and humans [23,24],
while red (i.e., long wavelength) light has less impact on human health and ecology [25,26].
Therefore, different light band images were used for the study neighborhoods’ identification
and analysis.
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Figure 2. Daytime satellite map of Dalian (reference map).

 

Figure 3. The ISS nighttime light band images of Dalian.

In the ArcGIS10.x software, the parameters of illumination flax were next extracted,
separately for the red and blue illuminance bands, and all the neighborhoods in Dalian
were sorted in terms of light emissions, from low to high, as shown in Figures 4 and 5,
respectively.

Figure 4. City neighborhoods ranked according to the red band light emissions.
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Figure 5. City neighborhoods ranked according to the blue band light emissions.

The distribution of red and blue light values in each urban area of Dalian is shown in
Figures 6 and 7, respectively. In these two images, the high value areas of the red band are
concentrated in Zhongshan and Jinzhou, while the high-value areas of the blue band are
concentrated in Zhongshan. The low-value regions of the two bands are distributed in the
area near the center of the city.

 

Figure 6. Red band light values—neighborhood averages.

 

Figure 7. Blue band light values—neighborhood averages.

To cross-reference nighttime light emissions with population density patterns, we used
population data from China’s 2010 Census [27]. According to Figure 8, the most densely
populated areas of Dalian are mainly concentrated in the central mountainous area, the
Shahekou District, and the Jinzhou District.



Remote Sens. 2022, 14, 826 6 of 25

Figure 8. Population density distribution in the city of Dalian (people per km2).

Based on the co-distribution of population density and nighttime light brightness,
further screening was carried out to identify neighborhoods, combining different types
of light emissions with high-density areas of multistory buildings, typical for the city’s
contemporary development. The preference was given to predominantly residential neigh-
borhoods with modern community facilities, learning from which could help to improve
future neighborhood lighting design.

After the screening process was performed using the above criteria, eight typical
residential areas were identified, with four residential areas representing high brightness
value areas and four neighborhoods representing low brightness value areas. The selected
residential area covers multi-story, multi-family buildings, with local commercial areas.
Local community facilities, such as gyms and neighborhood parks are also present in each
neighborhood. The land area of each community ranges from 12,000 m2 to 96,000 m2.
The residential areas’ information is shown in Table 1, and the locations of the selected
neighborhoods are shown in Figures 9 and 10.

Table 1. Residential areas with high and low values of red and blue light emissions.

Area Where the
Community Is Located

Community
Name

Number
Construction

Date
Building
Features

Land Area (m2)
Is It

Open?

Upper Middle
Mountain District

Lido Garden D1 2003 High-rise 43,000 Yes

Upper Shahekou District
New Hope

Garden
D2 2002 High-rise 35,000 No

Upper Middle
Mountain District

Xiuyue Garden D3 2003 High-rise 43,000 Yes

Taoxian
Community

D4 2000 Multistory 45,000 Yes

Lower Shahekou District

Blue Sky and
Starry Sea

D5 2006 Multistory 96,000 No

Pearl Beer
Garden

D6 1991 Multistory 13,000 Yes

Lower Shahekou District

New New
Community

D7 2000 Multistory 45,000 Yes

Chunguangyuan
Community

D8 2000 Multistory 12,000 No
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Figure 9. Residential areas selected for the further analysis.

 

D1 D2 D3 D4 

 

D5 D6 D7 D8 

Figure 10. Nighttime images of the residential areas selected for the analysis. (There are 8 residential

areas covered by the study: D1 (Lido Garden), D2 (New Hope Garden), D3 (Xiuyue Garden),

D4 (Taoxian Community), D5 (Blue Sky and Starry Sea), D6 (Pearl Beer Garden), D7 (New New

Community), D8 (Chunguangyuan Community).

2.2. Research Stages

(1) Research period and weather
The measurements began on 15 October 2020 and ended on 23 November 2020. In

order to ensure comparability, all measurements were carried out at night when the weather
is clear and cloudless, and the air quality index was similar. The measurement time was
20:00–23:00. During this time, all the existing luminaries in the neighborhoods were lit.

(2) Instrumental measurement method
We chose a walking route of 800 to 1000 m in each residential area, to ensure that

the survey route covered the main and secondary streets, as well as open spaces, such
as squares and parks (if any). On the sidewalk of each route, measurement points were
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arranged at the intervals of 20–30 m, and about 20–30 measuring points were selected in
each residential area.

Following the International Commission on Illumination (CIE) night lighting mea-
surement guidelines, we used a CL-70F illuminance meter and a CL-500A illuminance
meter to measure the horizontal and vertical illuminance, color temperature, dominant
wavelength, etc., to perform spot measurements in each location. In addition, we used a
handheld LS-100 luminance meter to measure road brightness. We used the brightness
data to calculate the degree of discomfort glare at the measurement point. A laser range
finder was used to measure the road size, the lamp pole size, distance between the lamp
poles, etc.

For lighting attributes such as illuminance, color temperature, and dominant wave-
length, three different types of measurement were used, namely the horizontal measure-
ment (less than 30 cm from the ground and 1.5 m above the ground), the vertical measure-
ment (1.5 m above the ground), and the observer’s eye-level vertical panoramic measure-
ment (an interval of about 30◦ vertically, covering about 180◦ of the horizontal angle).

(3) Subjective evaluation survey
The observer group included residents and non-residents of the neighborhoods of

all ages and educational backgrounds. Nonresidents mainly included student volunteers
recruited from the Dalian University of Technology, and resident group included residents
of the survey site. The gender and age of the respondents are shown in Table 2. Partic-
ipants needed to follow the established route and record their perceptions of nighttime
illumination at each assessment point. The assessment points were marked on the Baidu
map in order to help participants accurately find the positioning point during the survey,
and to ensure that the instrument measurement points’ locations were consistent with the
location of the survey points assessed by the observers, so that the map markers could be
synchronized on the web and mobile phones.

Table 2. Basic statistics of the survey participants.

Sample Index Number of People Percentage

Gender
Male 58 56.31%

Female 45 43.69%

Age (years)

18–25 13 12.62%
26–30 48 46.61%
31–40 27 26.21%
41–50 12 11.65%
51–60 2 1.94%

Over 60 1 0.97%

Education level

Junior 9 8.74%
Senior 14 13.60%

Undergraduate 40 38.83%
Masters degree or above 40 38.83%

Prior to the survey, the survey participants were asked to fill in questionnaires on
their personal information, including age, gender, and education level. In order to avoid
interference, observers were instructed to evaluate each measurement point on a specific
survey route alone. Each time, the participants had to verify the current location, so as to
ensure that it was consistent with the measurement point location by the instrument, and
then answer question about the lighting environment.

The questionnaire was distributed using the Questionnaire Star app. The questionnaire
used a four-point scale to evaluate four lighting attributes (light intensity, color temperature,
uniformity, and glare), safety, and perceived lighting quality (overall comfort). The specific
scales used to evaluate different parameters were as follows:

(A) Illumination: 0—very weak; 1—slightly weak; 2—strong; 3—too strong;
(B) Light temperature: 0—too cold; 1—slightly cold; 2—slightly warm; 3—too warm;
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(C) Light uniformity: 0—uneven; 1—slightly uneven; 2—quite even; 3—very even;
(D) Glare: 0—not dazzling; 1—slightly dazzling; 2—dazzling; 3—very dazzling;
(E) Feeling of safety: 0—feel very unsafe; 1—feel a little unsafe; 2—feel reasonably

safe; 3—feel very safe;
(F) Perceived lighting quality: 0—uncomfortable; 1—a little discomfort; 2—quite

comfortable; 3—very comfortable.

2.3. Data Processing

(1) Instrument measurement data
As shown in Figure 11, in four, out of the eight residential communities in which the

field survey was conducted, the average illuminance of the sidewalk was greater than
the average illuminance of the road surface by 10 lx. In these areas, the lighting fixtures
were on one side of the road. The average illuminance of the sidewalk near the streetlights
mostly meets or exceeds the requirements of the standard average illuminance value of
the sidewalk surface, while the average illuminance of the sidewalk far away from the
streetlight is significantly different from the standard value. The average illuminance value
of the Lido Garden was the highest reaching 21.77 lx, mainly due to illumination form
arterial high pole lighting and roadside shops. The Chunguangyuan Community had the
lowest average illuminance of 0.52 lx on the sidewalk, because there is no commercial
activity in the community and the streetlight power is low.

Figure 11. Comparison of the average horizontal illuminance in the study areas.

A comparison of the minimum illuminance of the pavement is shown in Figure 12.
Only the minimum illuminance of the sidewalk surface of the Taoxian Community met
the value of 2 lx required by the standard. The lowest value of the road surface minimum
illuminance was recorded in the New New Community and Chunguangyuan Commu-
nity (~0.1 lx), which indicates a significant gap between the actual illumination and the
standard’s requirements.

Figure 12. Comparison of the minimum horizontal illuminance in the study areas.
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In the field measurement of sidewalk lighting, the minimum vertical illuminance
at the height of 1.5 m in all the communities was below the 3 lx level, regulated by the
standard. However, the space lighting in Lido Garden, New Hope Garden, and Xiuyue
Garden was slightly better than that in the other residential areas (Figure 13). Panoramic
illumination can be regarded as an approximately semi-cylindrical illumination. According
to the actual measurements, the minimum panoramic illuminance of the sidewalk in the
eight residential areas did not meet the value of 2 lx stipulated by the standard (Figure 14).

Figure 13. Comparison of the minimum vertical illuminance of in the study areas.

Figure 14. Comparison of the minimum illuminance of the of the observer’s face (panoramic illumi-

nation) in in the study areas.

Figure 15 shows the comparison of the glare level across the study areas. In the box
chart, the solid part represents the interquartile range (2–75%) of the measured value, the
thick horizontal line represents the median, and the red dot represents the mean value.
Black dots represent outliers [28]. It can be seen in the figure, the overall discomfort
glare level (GR) is between 30 and 40 GR, which is slightly uncomfortable. The level of
discomfort glare in the Chunguangyuan Community is the smallest, and the glare levels in
other residential areas are essentially similar.

 

Figure 15. Comparison of glare levels in the study areas.
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The measured color temperatures of the eight communities are mainly distributed
between 2500 K and 5000 K, as seen in Figure 16. Among these communities, the Pearl
Beer Garden and Chunguangyuan Community use metal halide lamps, and the average
color temperature is relatively high, with more blue light emissions in the spectrum, which
produces a cold light. The Lido Garden, Xiuyue Garden, Taoxian Community, Blue Sky and
Starry Sea, and New New Community mostly use high-pressure sodium lamps, and the
average color temperature is low, with less blue in the spectrum and a mostly warm light.
The color temperature gap between different sections of New Hope Garden is relatively
large, as high color temperatures and low color temperatures are distributed throughout
the area.

Figure 16. Comparison of the color temperature values in the study areas.

(2) Subjective evaluation data
Figures 17 and 18 are drawn based on the statistical values of safety and comfort

evaluation, respectively, in all study areas. From the figures, we can see that the levels of
security and comfort in different residential areas differ greatly. The Taoxian Community
has the highest safety rating, and the Chunguangyuan Community has the lowest rating.
The highest comfort rating was found for the Taoxian Community (0–3 points), and the
lowest was found for the Chunguangyuan Community.

Figure 17. Mean values of FoS in the neighborhoods surveyed, on a 4-point Likert scale, from 0 (Low)

to 3 (High).

Figure 18. Average evaluations of the visual comfort in the communities surveyed.
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3. Research Results

3.1. Analysis of FoS

PSL features comprise several attributes: illumination, color temperature, uniformity,
and glare [29], each of which might affect FoS, energy consumption, and human health.
However, there is a lack of empirical models associating lighting attributes with FoS that
consider various contextual factors.

This study attempts to fill this knowledge gap and develop multiple PSL–FoS models,
which connect lighting, color temperature, uniformity, and glare values with FoS, and
control for personal, location, and environmental factors. Using such models might help
to improve the satisfaction and well-being of urban residents while reducing health and
ecological risks and improving energy efficiency.

(1) Factors affecting FoS.

Table 3 shows the main research variables and their coding. The Akaike information
criterion (AIC for short) shows whether adding a particular parameter improves the fitting
degree of the model, but also introduces a penalty term to minimize the model parameters,
which helps to reduce the possibility of over-fitting [30]. In this study, the AIC increment
test was used to determine the influence weight of each research variable on FoS, while
regression analysis, performed in the SPSS software, was used to identify the impact of
each factor on FoS. In Figure 19, we estimate the relative contribution of each factor to
FoS. The AIC and AIC increment can be obtained according to the sum of squares of the
residuals. The larger the AIC increment, the greater the relative contribution of this factor
to FoS.

Table 3. Research variables affecting safety evaluations.

Research Variables Coding Variable Category Reference Category

Feelings of safety (FoS)
0 = feel very unsafe; 1 = feel a little unsafe; 2 = feel quite

safe; 3 = feel very safe
0

Perceived lighting quality (PLQ)
0 = very uncomfortable; 1 = a little uncomfortable; 2 =

quite comfortable; 3 = very comfortable
0

Subjective evaluation variables
Illumination (IL) 0 = very weak; 1 = reasonable; 2 = good; 3 = too strong 0

Color temperature (LCT)
0 = too cool; 1 = very cool; 2 = a little warm; 3 = very

warm
0

Uniformity (LU)
0 = uneven; 1 = slightly uneven; 2 = quite even; 3 = very

even
0

Glare (LG)
0 = not dazzling; 1 = slightly dazzling; 2 = quite

dazzling; 3 = very dazzling
0

Variables recorded by the research team

Education level
0 = junior high school and below; 1 = high school; 2 =

university; 3 = master degree or above
0

Age group 0 = 18–40 yo; 1 = 41–61 yo 0
Gender issues 0 = female; 1 = male 0

Uniformity of light distribution
0 = discontinuous lighting; 1 = sparse lighting; 2 =

uniform illumination
0

Vegetation density

0 = no vegetation (trees and shrubs do not block
streetlights); 1 = sparse vegetation (trees and shrubs

partially block streetlights); 2 = dense vegetation (trees
and shrubs significantly block streetlights)

0

Traffic intensity
0 = sparse traffic (less than 5 vehicles per 15 min); 1 =
medium traffic (5–10 vehicles per 15 min); 2 = dense

traffic (more than 10 vehicles per 15 min)
0

Residential area dummies

1 = Lido Garden; 2 = New Hope Garden; 3 = Xiuyue
Garden; 4 = Taoxian Community; 5 = Blue Sky and

Starry Sea; 6 = Pearl Beer Garden; 7 = New New
Community; 8 = Chunguangyuan Community

1
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①

②

Figure 19. The relative contribution of different factors to FoS (the AIC increment test).

(2) Comparison of security evaluation results among different groups of people

1© Age
The two independent group difference test includes independent sample t-test and

Mann–Whitney U-test. Independent sample t-test is used to compare whether there is a
difference in the mean value of a variable between two independent groups. It is a kind of
t-test (also known as Student’s t-test). An independent samples t-test was used to compare
the mean values of the variables between two independent age groups. The average FoS
of participants aged 18–40 yo was 1.95 (SD = 0.904), and that of participants aged 41–61
was 1.61 (SD = 0.908). Independent t-tests (Table 4) showed that there was a significant
difference between younger respondents and older respondents (p < 0.005, t = 6.099).

Table 4. Data basic statistical scale for the difference in safety perception between two age groups.

Age
Number of

Cases
Average

Value
Standard
Deviation

Mean Value of
Standard Error

FoS
18–40 years old 1754 1.9458 0.9038 0.0216
41–61 years old 312 1.6058 0.9082 0.0514

2© Gender
In an independent sample t-test (Table 5), the average perceived safety of men was

2.09 (SD = 0.827) and that of women was 1.64 (SD = 0.955). The homogeneity test of
variance showed that the variance of the two groups was not homogeneous (F = 54.011,
p = 0.000 < 0.05) and that the variance corrected t-test should be used. The adjusted t-test
result was t(DF) = −11.230 (1778.285), p = 0.000 (<0.05), which indicates that the FoS score
of males’ safety perception evaluations was 2.09 ± 0.82 and the females’ FoS score was
1.64 ± 0.95. The difference was statistically significant at a 0.01 level, and the score of males
was significantly higher than that of females, thus indicating that, on average, men feel
safer than women in the same urban settings.
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Table 5. Basic Statistics Table of the Differences in Perception of Safety between Men and Women.

Age
Number of

Cases
Average

Value
Standard
Deviation

Mean Value of
Standard Error

FoS
Female 899 1.6407 0.9550 0.0319
Male 1167 2.0900 0.8271 0.0242

(3) Correlation between illuminance values and safety evaluation values

1© Mann–Whitney U-test
The Mann–Whitney U-test is a kind of nonparametric test which does not require the

overall normal distribution [31]. Therefore, it is generally used when the data do not meet
the normality requirements of a t-test. In order to evaluate whether there was a correlation
between the value of perceived safety and illumination, a nonparametric Mann–Whitney U-
test was conducted. The average and median of illumination levels were decomposed into
low illumination and high illumination, and the safety evaluations of different illumination
conditions were compared. The results showed that there was a significant difference in
the level of perceived safety (p < 0.01), and the safety evaluation scores of the places with
sufficient light were much higher than those of the places with insufficient light.

2© Bivariate OLS regression
Ordinary least squares (OLS) method is the most fundamental form of regression

analysis. It requires the least model conditions, that is, to minimize the square sum of the
distance between all observations on the scatter diagram and the regression line. Binary
regression analysis was conducted on the original value and the log-transformed values
of the illuminance data. The results are shown in Table 1. Models 1a, 1b, and 1c represent
the regression models of the original value of illuminance in the horizontal, vertical, and
vertical panoramic directions, respectively, while Models 1d, 1e, and 1f represent the
regression models of the log-transformed values of illuminance in horizontal, vertical, and
vertical panoramic directions, respectively.

It can be seen from Table 6 that, among the three lighting measurement models based
on the horizontal, vertical, and vertical panoramic directions, the model that used the
horizontal measurements provided the best result (R2 = 0.362). Logarithmic transformation
of the original lighting values further improved the model fit as indicated by R2 increase
from 0.362 to 0.562. The improvement in this model shows that the association between
FoS and illumination levels is actually nonlinear.

Figures 20 and 21 show the relationship between FoS and the logarithm of illuminance
and the original value of illuminance, respectively. It can be seen from Figure 21 that with
an increase in horizontal illuminance, the overall feeling of safety also increases, but after
reaching the value of 10 lx, the rate of FoS response becomes slower.

Table 6. Regression estimates of the impact of different illuminance metrics on FoS.

Lighting Level/
Measurement

B Beta t-Stat B Beta t-Stat B Beta t-Stat

A. Explanatory variables measured on the original continuous scale (lx)

Model 1A Model 1B Model 1C
Horizontal
direction

0.352 0.816 17.766 *** - - - - - -

Vertical panorama - - - 0.026 0.006 4.496 *** - - -
Vertical direction - - - - - - 0.038 0.006 6.102 ***

R2 0.362 0.113 0.191
F 89.462 *** 20.216 *** 37.230 ***
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Table 6. Cont.

Lighting Level/
Measurement

B Beta t-Stat B Beta t-Stat B Beta t-Stat

B. Log-transformed variables

Model 1D Model 1E Model 1F
Horizontal 0.711 0.743 14.244 *** - - - - - -

Vertical - - - 0.520 0.713 7.853 *** - - -
Vertical panorama - - - - - - 0.584 0.594 9.270 ***

R2 0.562 0.281 0.352
F 202.878 *** 61.677 *** 85.936 ***

Note: B is the non-standardized regression coefficient, beta is the standardized regression coefficient, T-stat is the
statistic and its significance value, and *** is the 0.001 significance level.

 

 

Figure 20. The observed association between FoS and the logarithmically transformed value

of illuminance.

 

 

Figure 21. The observed association between FoS and the original value of illuminance.

(4) Correlations of the comprehensive effects of environmental factors and illuminance
values with FoS evaluations

Illuminance values are often affected by environmental factors, especially vegetation
density and traffic density [32–34]. Vegetation can obscure streetlights, resulting in a
reduction in the lighting level and uneven distribution of illumination, while more vehicles
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improve the overall brightness of the residential road lighting. In addition, due to their
different environmental and lighting conditions, each residential area under study can be
regarded as an exogenous environmental variable. Therefore, in order to reveal the true
relationship between the safety level (dependent variable) and the light level measured
by the instruments, potential confounding by environmental factors (vegetation density
and traffic density), needs to be accounted for using a multiple regression analysis method.
The results of such analysis are shown in Table 7. Model 2 only takes the horizontal
ground lighting as the explanatory variable, and Model 3 adds the vegetation density and
traffic intensity. Model 4 adds the residential community into the model. The variables
of residential areas are classified variables and needed to be transformed into dummy
variables. By building a regression model, each dummy variable obtained an estimated
regression coefficient, which makes the regression results easier to explain.

Table 7. Factors affecting perceived safety.

B Beta t-Stat R2 R2 (after
Adjustment)

F
R2

Variation

F
Variation

Model 2
(Constant) 1.347 - 34.132 ***

0.666 0.664 315.62 *** 0.666 -
Ground-level

illumination (ln)
0.352 0.816 17.766 ***

Model 3

(Constant) 1.402 - 28.31 ***

0.691 0.685 116.06 *** 0.024 6.095 **Ground-level
illumination (ln)

0.318 0.737 13.014 ***

Vegetation −0.127 −0.132 −2.908 **

Traffic 0.089 0.091 1.603 *

Model 4
Residential

model
(reference
= D1(Lido
Garden))

(Constant) 0.961 - 7.875 ***

0.761 0.744 47.32 *** 0.070 6.217 ***

Ground-level
illumination (ln)

0.359 0.834 11.513 ***

Vegetation −0.116 −0.121 −2.851 **

Traffic 0.117 0.12 2.087 **

D2(New Hope
Garden)

0.309 0.147 2.342 **

D3(Xiuyue
Garden)

0.237 0.115 2.051 **

D4(Taoxian
Community)

0.658 0.313 5.756 ***

D5(Blue Sky and
Starry Sea)

0.56 0.255 3.986 ***

D6(Pearl Beer
Garden)

0.32 0.146 2.215 **

D7(New New
Community)

0.333 0.168 2.972

D8(Chunguangyuan
Community)

0.575 0.274 3.717

Note: B is the non-standardized regression coefficient, beta is the standardized regression coefficient, T-stat is the
statistic and its significance value, * is the 0.1 significance level, ** is the 0.01 significance level, *** is the 0.001
significance level, and Vif is the variance expansion factor (multiple collinearity test).

According to the regression results reported in Table 7, graphs of confounder-adjusted
associations between FoS and illuminance were drawn. To generate these graphs, the
values of all variables (except for illumination) were set to their average levels, and the
lighting levels were allowed to vary from 0 to 50 lx (Figure 22).
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Figure 22. Change in the safety evaluation in line with illumination level.

The graphs show that higher illuminance levels do not necessarily mean the same
increase in perceived security levels. The perceived safety score range is 0–3 and the median
value is 1.5; safety is acceptable if the evaluated value is higher than 1.5 and safety is better if
the evaluated value is higher than 2.0. As it is also shown in Figure 22, to achieve the safety
level of 1.5, the corresponding illumination value needs to reach 1.0–5.0 lx, depending
on the neighborhood. Concurrently, for the safety level to reach 2.0 (on a 3-point scale),
the corresponding illuminance value needs to be in the 2.7–17 lx range. As Figure 22
further shows, after the illuminance reaches about 17 lx, the rate of change in FoS becomes
slower and slower in line with a further increase in illuminance. In other words, after the
illumination level of 5–17 lx, the perceived safety increases only marginally.

(5) Correlations between illumination uniformity and FoS

The uniformity of lighting can be divided into three levels: ununiform lighting, slightly
discontinuous lighting, and uniform lighting. The uniformity values were scored and
collected by the research team during the field investigation, in which ununiform lighting
was given the value of 0, discontinuous lighting was given the value of 1, and uniform
lighting was set to 2.

Independent sample t-test is suitable for analyzing the score difference between two
independent groups on a variable. For multiple independent groups, only pairwise t-test
can be carried out, but this would increase the error. One way analysis of variance (one way
ANOVA) assumes that there is no difference in the mean of multiple groups, and analyzes
multiple groups at the same time, which avoids the dilemma of t-test and is an extension of
the t-test. One-way ANOVA was used to analyze the FoS scores. The results of the ANOVA
(F = 9.091, p = 0.000 < 0.05) showed that there was homogeneity of variance among the
different groups, which indicated that there were considerable differences in the FoS levels
between the different uniformity groups.

Moreover, according to the post hoc analysis, there was no significant difference be-
tween sparse illumination and uniform illumination, but there were significant differences
among discontinuous illumination, sparse illumination, and uniform illumination. The
differences in the sense of security are shown in Figure 23. As Figure 23 shows, observers
evaluate scenes with uniform illumination as more safe than scenes with discontinuous
illumination.
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Figure 23. Differences in perceived safety for different levels of uniformity.

(6) Correlation between spectral characteristics and FoS

In the first step, Kendall’s test was used to determine whether there was a significant
correlation between light color temperature and FoS. According to this test, there is a direct
and significant relationship between the two variables.

In order to explore the differences in people’s perceptions of yellow light and white
light, a t-test was conducted. The average perceived security of white light was 1.54
(SD = 0.707) and that of yellow light was 1.96 (SD = 0.617). The homogeneity of vari-
ance test showed that the variance of the two groups was inhomogeneous (F = 2.620,
p = 0.108 > 0.05), indicating that the variance of the white light group was not equal to that
of the yellow light group. After the variance adjusted test was run, the results indicated
that the FoS score of white light was 1.54 ± 0.71 and yellow light’s FoS score was 1.96
0 ± 0.62 The difference (−0.42) was statistically significant (t = −3.654 (n = 158), p < 0.05). In
other words, the FoS score of yellow light was significantly higher than that of white light,
implying that people feel significantly safer under yellow light than under white light.

Previous studies have shown that the use of white light is more beneficial for enhancing
color rendering, which can have a positive impact on crime and perceived safety. As this
study was carried out in winter, the warm light may make people feel warmer, safer, and
more comfortable. In future research, we could further verify whether different seasons
and temperatures affect pedestrians’ safety perceptions of color temperature.

3.2. Analysis of PLQ

(1) Influence of lighting attributes on PLQ
The analysis method for PLQ is different from that of FoS [35]. In this section, the

analysis of PLQ association with illumination attributes was run separately for low illumi-
nation (0–10 lx) and high illumination (>10 lx). The comfort levels of two measurement
points with different illuminance levels were analyzed.

Spearman correlation analysis is a common correlation analysis method, which uses
monotone equation to evaluate the correlation of two variables. Spearman correlation was
used to examine the significant relationships between the PLQ and lighting attributes. It
can be seen in Table 8 that when illuminance is ≤10 lx, the correlation coefficient between
PLQ and illuminance is r = 0.343 (p < 0.01), indicating that there is a strong positive
correlation between PLQ and illuminance. Concurrently, the correlation coefficient between
PLQ and glare is r = −0.091 (p > 0.05), indicating that there is no significant correlation
between perceived visual comfort and glare. The correlation coefficient between PLQ and
color temperature is r = −0.095 (p > 0.05), also indicating no significant association. The
correlation coefficient between PLQ and uniformity is r = 0.285 (p < 0.01), indicating that
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there is a significant positive association. Therefore, when illuminance is ≤10 lx, the main
lighting factors affecting PLQ are illuminance and uniformity.

Table 8. The relationships between lighting attributes and visual comfort obtained by Spearman’s

correlation test.

Perceived
Lighting
Quality
(PLQ)

Illumination Glare
Color

Temperature
Uniformity

Illumination ≤ 10 lx
(Spearman’s Rho)

Perceived
lighting

quality (PLQ)

Correlation
coefficient

1.000 −0.343 ** 0.091 0.095 0.285 **

Significance
(two-tailed)

. 0.000 0.338 0.315 0.002

Illumination

Correlation
coefficient

0.343 ** 1.000 −0.249 ** 0.291 ** 0.052

Significance
(two-tailed)

0.000 . 0.008 0.002 0.587

Glare

Correlation
coefficient

−0.091 −0.249 ** 1.000 −0.444 ** −0.198 *

Significance
(two-tailed)

0.338 0.008 . 0.000 0.035

Color
temperature

Correlation
coefficient

−0.095 0.291 ** −0.444 ** 1.000 0.200 *

Significance
(two-tailed)

0.315 0.002 0.000 . 0.034

Uniformity

Correlation
coefficient

0.285 ** 0.052 −0.198 * 0.200 * 1.000

Significance
(two-tailed)

0.002 0.587 0.035 0.034 .

Illumination > 10 lx
(Spearman’s Rho)

Perceived
lighting

quality (PLQ)

Correlation
coefficient

1.000 −0.326 * 0.294 * 0.378 ** 0.198

Significance
(two-tailed)

. 0.026 0.045 0.009 0.182

Illumination

Correlation
coefficient

0.326 * 1.000 0.340 * −0.159 0.015

Significance
(two-tailed)

0.026 . 0.019 0.285 0.919

Glare

Correlation
coefficient

−0.294 * 0.340 * 1.000 −0.152 −0.033

Significance
(two-tailed)

0.045 0.019 . 0.307 0.824

Color
temperature

Correlation
coefficient

−0.178 ** −0.159 −0.152 1.000 −0.196

Significance
(two-tailed)

0.009 0.285 0.307 . 0.187

Uniformity

Correlation
coefficient

0.198 * 0.015 −0.033 −0.196 1.000

Significance
(two-tailed)

0.182 0.919 0.824 0.187 .

Significance levels: * p < 0.05, ** p < 0.01.

It can be seen from Table 8 that when illuminance is greater than 10 lx, the correlation
coefficient between PLQ and illuminance is r = 0.326 (p < 0.05), indicating that there is a
strong positive correlation between visual comfort and illuminance. The correlation coeffi-
cient between PLQ and glare is r = −0.294 (p > 0.05), indicating that there is a significant
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negative correlation between comfort and glare. The correlation coefficient between PLQ
and color temperature is r = −0.178 (p < 0.01), indicating that there is a significant negative
correlation between comfort and color temperature. The correlation coefficient between
PLQ and uniformity is r = 0.198 (p < 0.05), indicating that there is a significant positive cor-
relation between comfort and uniformity. Therefore, when illuminance is >10 lx, the main
lighting factors affecting PLQ are illuminance, glare, color temperature, and uniformity.

(2) PLQ in low illumination levels
Spearman’s correlation test showed that the perceived brightness and uniformity of

the street environment were the main determinants of PLQ is the lighting level was less
than 10 lx. In this analysis, PLQ score was the dependent variable, illumination was the
independent variable, and uniformity was the classification variable. Due to the positive
correlation between PLQ and illuminance and uniformity, when the illumination is less
than or equal to 10 lx, the PLQ score increases with an increase in illumination and the level
of uniformity.

(3) PLQ in high illuminance levels
When the illumination level is lower than 10 lx, the light spectrum and illuminance of

the light source have little impact on the PLQ. When the lighting level is higher than 10
lx, the spectrum and illuminance of the light source have a more important impact on the
PLQ. The reason is that the sense of security is satisfied after the illuminance is improved,
and the residents’ concerns will be biased towards the psychological feelings created by
the color temperature and illuminance of lighting. The regression analysis between PLQ
and horizontal lighting and other related factors is carried out to obtain the following
regression equation:

PLQ = b0 + b1ILji − b2GRi + b3CTi + εi

where ILji—Vector value of illuminance measurement (point horizontal, point vertical and
vertical panorama) at point i; GRi—Glare value of point i; CTi—Color temperature of point
i; and εi—Random error term.

Spearman correlation test shows that when the illumination level is lower than 10 lx,
the perceived brightness and uniformity of street environment become the main deter-
minants of PLQ. The PLQ score is the dependent variable, the illumination value is the
independent variable, and the uniformity grade is the classification variable. Multiple
regression analysis was performed in SPSS, and the results are shown in Table 9.

Table 9. Results of multiple regression analysis of the factors affecting comfort at the level of

illuminance of above 10 lx.

Term Coefficient
Coefficient

Standard Error
95% Confidence

Interval
T Value p Value

Variance Expansion
Factor

Constant 2.18 1.03 (0.09, 4.27) 2.11 0.041 -
Illumination 0.02054 0.00668 (0.00705, 0.03402) 3.08 0.004 1.09

Glare −0.0467 0.0282 (−0.1036, 0.0102) −1.66 0.105 1.27
Color temperature 0.000207 0.000089 (0.000026, 0.000388) 2.32 0.026 1.19

Uniformity (reference = 0)
1 0.287 0.331 (−0.382, 0.955) 0.87 0.392 1.56
2 0.410 0.208 (−0.010, 0.829) 1.97 0.055 1.40

Multiple regression analysis in SPSS showed that if the illuminance value is lower
than 35 lx, PLQ would increase with an increase in illuminance (Figure 24). However, when
the illuminance value exceeds 35 lx, PLQ decreases, which indicates that, for visual comfort,
higher illuminance does not always mean better. Excessive illuminance of streetlights may
cause discomfort, glare, and even affect visual function. Satisfactory levels of PLQ were
higher at illuminance levels of 25–35 lx.
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Figure 24. Fit line for PLQ vs. illuminance for illuminance levels equal or greater than 10 lx.

As a reminder, in the analysis of the factors influencing safety perceptions, it was
found that there is no significant relationship between glare and perceived safety. The
research results show that intense glare would have a strong impact on perceived safety,
however, slight glare can produce unpleasant feelings.

It can be seen from Figure 25 that when the color temperature is in the range of
4000–5500 K, the PLQ score is higher, indicating that people prefer cold white light, which
probably because this color temperature range is closer to the natural light.

 

Figure 25. Fit line for PLQ vs. light color temperature for illuminance levels equal or greater than

10 lx.

4. Discussion

Previous studies have shown that efficient and reasonably designed PSL can reduce
energy waste and make people feel safer [36–39]. In this study, we analyze factors affecting
FoS and PLQ in urban areas, knowledge about which helps to ensure that nighttime
illumination in residential areas make people feel both comfortable and safe after natural
dark. The paper combines remote sensing, and actual measurement of people’s subjective
feelings obtained by ground surveys. This multi-level approach is novel and innovative in
comparison to other studies.

In this study, we discuss the advantage of remote sensing in urban environmental
assessment at night, and the combination of ground measurement and public perception
in outdoor settings. The remote sensing data cannot directly reflect public perceptions of
safety and visual comfort. Moreover, our public evaluation is performed in the outdoor real
environment, which is different from the laboratory method of human perceptions [40,41].
The evaluation results are thus more viable and effective. The estimated models and results
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can be used by urban planners and lighting designers to quickly and accurately assess the
light environment of residential areas.

Recent studies found that most studies using remote sensing and instrument ground
measurement do not integrate people’s perception of outdoor lighting and feeling of safety
associated herewith. In 2015, Katz used the vehicle mounted sky mass meter (SQM) to
collect ground light environment data to support the correspondence between field and
spatial measurements of artificial light [42]. In 2018, Hao Qingli also used the sky mass
meter (SQM) to measure the square area of Dalian, and explored the data correlation
between the measured data and luojia-01 luminous remote sensing data in the study of
a small-scale light environment [28]. The research on the processing methods of remote
sensing data are worthy of reference, but human perceptions in these studies were not
considered.

In the research on road lighting, some scholars have combined the ground measure-
ment with human perception. Thus, Peña-García et al. used a five-point Likert scale to
investigate the impact of street lighting on the well-being and security perception of urban
residents in Spain [36]. Portnov et al. used the subjective evaluation method of a four-point
Likert scale to explore the impact of lighting parameters in Israel on people’s perception [43].
Unlike previous studies, our analysis method for PLQ is different from that of FoS. In this
study, the analysis of PLQ association with illumination attributes was run separately for
low illumination and high illumination. The comfort levels of two measurement points
with different illuminance levels were analyzed.

Based on the previous experience, this paper puts forward the sky–ground–public
synergy concept. However, some limitations of this study need to be mentioned.

First and foremost, our on-ground lighting measurements may be imperfect due to
limitations of the existing measurement technology. Further research is thus needed to
determine a more accurate method of measuring light, which would help to ensure the
accuracy of lighting attribute parameters.

Second, the scope of the study can further be expanded in the follow-up research. As
the urban environment is a complex phenomenon, it is thus necessary to conduct further
research in other cities, to verify the generality of our findings. As most of the evaluators
were obtained from local residents of the community, there might be an assessment bias be-
cause the psychological vigilance of local residents, who are familiar with the environment,
might be relatively low in compare to outsiders. Adding questions to the survey, such
as “Are you a resident of the community?”, “Are you familiar with the neighborhood?”
and “Do you have regular activities in the community every day?” would help to perform
a more in-depth analysis, and to investigate perceptions and attitudes of residents and
non-residents separately.

Third, the follow-up research should focus on the establishing of relevant regression
models for PLQ and FoS in different illumination intervals. As the City of Dalian has a
hilly topography and rich vegetation. As a result, some lamps in residential areas might be
blocked by vegetation or affected by the positioning of light poles on elevations different
from pedestrian pathways. These factors might affect the evaluations of visual comfort.
Although these areas might be relatively safe for residents, they might not be perceived as
comfortable. In other words, the evaluation conditions for comfort perception need to more
stringent. In particular, it might be necessary to analyze PLQ separately for low and high
illumination areas. Such separate analysis might show that factors affecting PLQ might
differ across differently illuminated areas.

5. Conclusions

In this research, we combine remote sensing tools, with ground measurements and
subjective evaluations. The results of the study show that higher illumination levels do
not necessarily mean the same increase in perceived safety levels. In particular, under the
illumination level of 5–17 lx, the perceived safety is already at a high level, and a further
increase in illumination beyond this threshold leads only to a slight increase in perceived
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safety. It was also found that areas with sparse illumination and uniform illumination are
perceived to be safer than areas with discontinuous illumination and vegetation obscuring
lights. Through an analysis of the spectral characteristics, it is also found that yellow lights
make people feel more secure than white lights. A possible reason for this is that the
investigation was carried out in winter when the temperature is low. Therefore, warm light
may make people feel warmer, safer, and more comfortable. Compared with illumination,
the color rendering of the light source is found to have less influence on the ability to detect
and identify approaching people; in the case that both cannot be considered at the same
time, the results suggest using higher illumination rather than better color rendering.

The perceived visual comfort of nighttime lighting was also analyzed. It was found that
when the illumination was lower than 10 lx, there was a strong positive correlation between
comfort and both illumination and uniformity, but there was no significant correlation
with glare and color temperature. When the illumination level was higher than 10 lx,
color temperature, illumination, uniformity, and discomfort glare of the light source had
significant influence on the perceived comfort. When the lighting color temperature was
4000–5500 K, public comfort was better, and the level of comfort tended to improve until
the illumination value reached 35 lx. After reaching this threshold 35 lx, the level of visual
comfort started to decline.

As many factors are mixed in the perceived environment, the increase in samples will
also be conducive to the evaluation of multiple scenes. In future research, more studies
need to be carried out outdoors and under controlled conditions to verify these findings. It
is hoped that through continuously expanding the database, it can be used to evaluate the
use and energy saving of lamps in the future.
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