
Citation: Chen, S.; Zhang, B.; Zeng,

X.; Lin, Y.; Zhao, H. Methods to

Reduce Flicker and Light Pollution of

Low-Mounting-Height Luminaires in

Urban Road Lighting. Sustainability

2023, 15, 8185. https://doi.org/

10.3390/su15108185

Academic Editors: Pramod Bhusal

and Laurent Canale

Received: 15 April 2023

Revised: 11 May 2023

Accepted: 15 May 2023

Published: 17 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Methods to Reduce Flicker and Light Pollution of
Low-Mounting-Height Luminaires in Urban Road Lighting
Shenfei Chen 1 , Bing Zhang 1, Xianxian Zeng 1, Yi Lin 1,* and Haitian Zhao 2,*

1 College of Architecture and Urban Planning, Tongji University, Shanghai 200092, China;
chenshenfei27@gmail.com (S.C.); a15989445091@gmail.com (B.Z.); 2110266@tongji.edu.cn (X.Z.)

2 School of Architecture & Urban Planning, Shenzhen University, Shenzhen 518060, China
* Correspondence: linyi_tjcaup@tongji.edu.cn (Y.L.); arphlb2006@126.com (H.Z.)

Abstract: Current low-mounting-height luminaires (LMHLs) have low effective luminous flux, high
surface brightness, and many stray lights, resulting in high energy consumption and light interference,
and the flicker effect may threaten driver safety. Currently, the flicker effect in LMHL lighting has
been relatively poorly studied. However, in prior research, a Flicker Index (FI) quantification model
was developed. In this study, we have modified the FI model to incorporate visual persistence, visual
masking, and driving speed of the driver, and proposed a dynamic energy ratio model for quantifying
flicker effects. The notion of effective luminous flux in road lighting was introduced, revealing that
the reasons for high energy consumption, severe light pollution, and strong flicker effects in regular
LMHLs were low effective luminous flux and high surface brightness. We recommend a low-
mounting-height lighting technique that functions in both forward and reverse directions, which can
significantly enhance the effective luminous flux of lighting fixtures, reducing stray light. The lighting
fixtures created were tested on a road. The findings suggest that the energy consumption of both
forward and reverse lighting fixtures is only 40% of the international standard requirements, resulting
in 81% more energy savings than in existing LMHLs. The surface brightness of forward and reverse
lighting fixtures is only 1.18 cd/m2, which is equivalent to 0.001% of the surface brightness of existing
lighting fixtures. This indicates that 99.89% less invalid light is projected into the environment,
indirectly reducing light pollution. Additionally, the flicker index of these fixtures is only 2% of that
of existing lighting fixtures, reducing the impact of the flicker effect on drivers. This study provides
insights into quantifying and mitigating the flicker effect in LMHLs, as well as presenting novel
approaches and strategies for enhancing the efficiency and reducing light pollution of streetlamps.

Keywords: light pollution; flicker effect; effective luminous flux; energy saving

1. Introduction

The invention of electric light sources allowed human activities to continue at night.
From the 20th century onwards, cities and towns around the world have gradually applied
artificial lighting at night (ALAN) [1]. In recent decades, the low cost and controllability of
LED technology has prompted ALAN to expand in scale and form, which has increased
night sky brightness and has changed its spectral composition, disrupting the rhythms of
natural ecosystems. In Europe, more than 900 million lights account for more than 50%
of public energy consumption, accounting for about 60% of relative costs and generating
significant greenhouse gas emissions [2]. Research shows that 80% of the world’s popu-
lation and 99% of the US and European populations live under a light-polluted sky [3].
Numerous studies have begun to reveal the impact of ALAN on human health [4], bird
migration [5], plant growth [6], fish distribution [7], microbial diversity, and community
respiration [8].

Road lighting plays an important role in ensuring safety during night-time travel.
Unfortunately, according to various reports, street lighting is one of the largest consumers of
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electrical energy, accounting for approximately 40% of total urban energy consumption [9].
Additionally, the brightness contributed by street lighting to the urban sky is astonishing [10,
11]. Recently published data from Galicia, Spain, show that, in the early evening, street
lighting contributed 80% of the sky glow, rising to nearly 100% in the late night hours [11].
Traditional high pole streetlamps are too far from the road surface, resulting in low effective
illumination. In order to meet basic lighting requirements, high-power light sources must
be used, thus increasing energy consumption and providing more ineffective light to the
environment [12–17]. Low-mounting-height luminaires (LMHLs) using LEDs as light
sources are used in many Chinese city viaducts to replace traditional amber or yellow
HPS (high-pressure sodium) lamps due to their high luminous efficiency, low energy
consumption, low load, and ease of installation and maintenance [18–20].

LMHLs refers to luminaires installed less than 1.5 m from the ground and placed
along the side of the road. Due to the proximity of the luminaire to the plane of the human
visual axis, a high-luminance light source is often used to directly illuminate the center
of the road in order to illuminate the broad surface of the roadway. Consequently, more
light spills into the environment, and a severe glare is formed on the surface of the lamp,
causing alternating lines of light and dark to appear on the road surface. This severe light
spill disrupts the ecological rhythm and threatens driver safety [21–23]. When a driver is
traveling through such an environment, the perception of visual artefacts is formed on the
retina. CIE TN 006:2016 [24] defines the effect as a flicker effect, which is similar to the
stroboscopic effect [22,23] in tunnel lighting (shown in Figure 1).
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ceives an increase in the integration time of the next signal. Similar studies [27,28] have 
also noted that a higher-stimulus luminance prolongs the time over which the human eye 
recognizes the next stimulus signal. One can read in CIE 88-2004 that “When the frequency 
is between 4 Hz and 11 Hz, and has duration of more than 20 s, discomfort may arise 
provided no other measures are taken” [29]. However, CIE 88-2004 focuses on the flicker 
effect in tunnel lighting, while research on the flicker effect in LMHLs has been seldom 
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Figure 1. LMHL lighting: (a) streetlights are installed along the guardrails on both sides of the road
with a maximum height of 1.5 m, (b) the light is projected directly onto the center of the road, (c) the
lighting environment has alternating brightness, and (d) LMHLs are used in practice [22].

The stimulation of the retina by discontinuous light causes flickering. According to
Bloch’s law, flash luminance and flash duration produce the same perception [25]. The
strength of the flicker is related not only to the flicker frequency but also to the luminance
contrast of the light signal. Experimental studies [26] have shown that, as the contrast of
the squares on the CRT screen with a white background increases, the human eye perceives
an increase in the integration time of the next signal. Similar studies [27,28] have also noted
that a higher-stimulus luminance prolongs the time over which the human eye recognizes
the next stimulus signal. One can read in CIE 88-2004 that “When the frequency is between
4 Hz and 11 Hz, and has duration of more than 20 s, discomfort may arise provided no
other measures are taken” [29]. However, CIE 88-2004 focuses on the flicker effect in
tunnel lighting, while research on the flicker effect in LMHLs has been seldom reported.
Nonetheless, some scholars have referred to the provisions of CIE 88-2004 to investigate
the flicker effect generated in outdoor road contexts [30].

Many studies have shown that the sensitivity of the human eye to flicker is related to
the flicker frequency [31–34]. The International Electrotechnical Commission (IEC)-derived
sensitivity reaches peak sensitivity at 8.8 Hz [35]. Bodington’s [34] research shows that the
15 Hz waveform has a greater impact on human visual sensitivity. Some papers [36–40]
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have pointed out that the negative effects of flicker include causing visual fatigue in human
eyes, a decline in visual acuity [40], and other changes in visual characteristics that can
further lead to physical discomfort, such as nervousness, anxiety, and irritability [41,42],
which are also important factors in triggering photosensitive epilepsy [43–45]. Studies have
shown that alternating light and dark spatial patterns [44,46,47], particularly stripes [48–52],
can cause epilepsy. Jeavons and Harding [42] tested 170 photosensitivity patients and
showed that flicker frequencies between 15 and 20 Hz are more uncomfortable and more
prone to cause both a loss of direction and epileptic seizure.

CIE 88-2004 clearly states that the degree of visual discomfort caused by flicker de-
pends on (1) the number of changes in luminance per second, (2) the total duration of
stimulation, and (3) the ratio of the peak (bright) luminance to the valley (dark) luminance
(i.e., the luminance modulation depth) and the steepness in the increase (rise-time). At
frequencies below 2.5 Hz and above 15 Hz, the flicker effect is negligible. Conditions (1),
(2), and (3) depend on the speed of the vehicle and the spacing of the streetlamps. By
dividing the speed v by the distance D to the illumination device, the flicker frequency
can be determined as f = v/D. Rami [53] claims that the visual discomfort caused by flicker
depends on (1) the frequency at which the luminaires are passed, (2) the quantity of light
penetrating into the cockpit, and (3) the distance between the luminaire and the vehicle.
Van Bommel [38] thinks that the degree of discomfort depends on (1) the number of flickers
occurring per second, (2) the total duration of the flicker, i.e., the total time spent in a
flickering environment, and (3) the photometric properties of the luminaire, especially its
peak luminance value and the sharpness of its light distribution. One thing that these
hypotheses have in common is that the frequency and duration of the flicker have a notable
effect; in addition, CIE 88-2004 [29] and van Bommel [54] broadly point out the effect of the
ratio of the flicker peak to the valley luminance on visual discomfort. Rami also emphasizes
the amount of light entering the cockpit, because this parameter determines the amount of
light that the driver’s retina can accept.

The Illuminating Engineering Society (IES) [55] has published the flicker percent [56]
and flicker index (FI) [57] as traditional evaluation indicators for electric light-sourced
flicker; these indicators are also suitable for evaluating the flicker effect of LMHLs. However,
the flicker percent and FI are not related to frequency. In previous studies, some researchers
used frequency to quantify flicker, and some researchers considered the frequency, flicker
percent, and shape (including duty cycle) of the light waveform, but their main object was
electric light sources [22,23,58,59]. However, they rarely considered the effect of LMHL
flicker light energy. The main cause of the flicker effect is the flicker light energy. A model
for calculating the flicker effect in LMHLs has been proposed and published according to
the IES definition of FI [22,55]:

FI = (DR − 1)(LR − 1)/
[

DR
2 + DR·(LR − 1)

]
, (1)

where LR = L/B and DR = D/S. L is the luminance of the streetlamp surface, B is the
ambient luminance, D is the spacing between two adjacent streetlamps, and S is the length
of the luminous surface of the streetlamp. LR represents the contrast between streetlamp
surface luminance and background luminance, and DR is the duty cycle. The strength of
the flicker effect for a given luminaire can be evaluated by measuring four parameters (L, B,
D, S) and calculating the FI [22]. However, the condition of this paper is that the observer is
stationary. In actual situations, the driver is moving relative to the streetlamps. The retina
receives a periodic and dynamic light energy.

Persistence of vision and visual masking are important parts of visual perception [18].
This work revised the FI model proposed in [22] based on visual persistence and visual
masking, and explained the flicker effect from the perspective of dynamic energy ratio.
The effective luminous flux of streetlamps and a forward and reverse low-mounting-
height lighting method is proposed. This study provides assistance in quantifying flicker
effects and reducing them in LMHLs. Additionally, it offers new methods and ideas for
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improving the efficiency of streetlights and reducing light pollution caused by stray light
from streetlights.

This article is organized into the following sections: Section 2 provides an overview
of both visual persistence and masking. Section 3 uses the theory from Section 2 to revise
the FI model, with the essence of the scintillation effect as the energy ratio in the model.
Section 4 proposes the concept of effective luminous flux of street lamps, combines the
theory of Section 3 to propose forward and reverse lighting methods, and compares the
lighting parameters in two practical projects. Section 5 is the discussion. Section 6 is the
conclusion.

2. Human Visual Characteristics
2.1. Persistence of Vision

The visual appearance and disappearance of an image has a certain inertia. When a
certain intensity of light suddenly strikes the retina, the eye does not immediately form a
stable subjective feeling of stimulation, but rather experiences a short process of establishing
an image. As the duration of action increases, the subjective stimulation increases first
from small to maximum size, and then decreases back to a stable value. There is also a
process by which the image disappears. When the light striking the retina disappears, the
stimulation feeling does not disappear instantaneously, but gradually decreases according
to an approximately exponential function. These have been verified in primates [60,61].

As shown in Figure 2, curve (a) is the periodic light stimulus, curve (b) is the subjective
luminance perception curve of the human eye, and ∆t1 is the organ response establishment
time. ∆t2 is the time of visual persistence. Lo is the value of the periodic optical signal, and
LS is the value of the light signal perceived by the human eyes. Consider a periodically
repeated pulse of light from a source acting on a human retina, with t representing time.
When the time interval of the repeated occurrence of this pulsed light is greater than t1 ∼ t4
in Figure 2b, a sensation of alternating bright and dark flashes will appear on the retina of
the human eye.
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2.2. Visual Masking

Visual masking refers to the degradation of the visibility of an object under certain
conditions by the appearance of another object adjacent to it in space or time [62]. For
LMHLs, the masks are uniform background flashes, and are mainly for achieving fast or
instantaneous adaptations to light and dark. In this case, the streetlamp surface luminance
and the background luminance appear in the eyes of the perceiving person. The processing
of the light and dark adaptations that mainly occur in the retina under natural conditions
can be described as the former and backward masking [63]. Battersby’s research shows
that the masking effect of the background on the target is obvious when the masking is
caused by a change in illumination, that is, when the target and the background appear in
the human eye simultaneously [64].

The visual masking effect of the human eye is a local effect. When a driver is in relative
motion within an environment illuminated with LMHLs, as the speed of motion increases,
the bright image produced by an illuminated streetlamp on the retina of the human eye
will mask the dark image produced by the gap between two streetlamps, and the strength
of this mask depends on the brightness of the street surface, the spacing, and the speed of
the vehicle. Figure 3 shows an actual picture of a laboratory simulation of light and dark
masking. The camera shutter speeds are 1/30, 1/25, 1/8, and 1/5 from left to right, and the
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speed of the lamp relative to the camera is 0, v, 2v, 4v, and 6v, respectively. Obviously, under
the same shutter speed, the greater the relative speed is, the longer the image becomes,
finally becoming a continuous strip of light; in addition, the smaller the shutter speed is, the
longer the exposure time and the longer the image of the lamp become, finally generating a
continuous light band. The magnitude of the shutter speed is similar to the length of the
human eye’s persistence time. Figure 4 illustrates the process of mapping an image onto
the retina of the human eye.
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3. Flicker Index Analysis
3.1. FI Model Revision

Persistence of vision and visual masking affect the value of DR (duty cycle). Figure 5a
shows that the streetlamp image (yellow) and the background image (grey) will not be
extended without visual persistence and masking effect. The image of the streetlamp
(yellow) and the background (grey) will be extended with visual persistence but no masking
effect, but the image that appears first covers the image that appears next, resulting in the
length of streetlamp image (yellow) and background image (grey) remaining unchanged
(Figure 5c). The image of the streetlamp (yellow) and the background (grey) will be
extended when there both persistence of vision and masking effects are present, and the
image that appears first covers the image that appears next, but the streetlamp image
(yellow) will mask the background image, resulting in the lamp image being elongated and
the background image being compressed (Figure 5b). When the speed is not 0, this effect is
more obvious (Figure 5d).

The duty cycle DR of the FI model in Equation (1) is the ratio of streetlamp spacing
(D) to the actual size of the streetlamp (S). That is, the driver is stationary. In this case, the
duty cycle is defined as the static duty cycle, expressed as DRS . The size of the light source
perceived by the human eye SS has the following relationship with the actual size of the
light source S:

SS = η·S, (2)
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where η is the conversion coefficient of perception of the human eye.

DRS = D/SS = D/(η·S), (3)

Sustainability 2023, 15, 8185 6 of 19 
 

 
Figure 5. The relationship between the image of the lamp and the image of the background can be 
described as the positional relationship from (a) to (d). X represents the displacement. S is the length 
of the luminous surface of the streetlamp; D is the spacing between the streetlamps; v is the relative 
movement speed. Yellow represents the illuminated part of the street lamp, and grey represents the 
background. Regarding the length of images containing both a lamp and a background, four differ-
ent scenarios are considered: (a) absence of visual persistence and masking, (b) presence of visual 
persistence but absence of masking, (c) presence of both visual persistence and masking, and (d) 
presence of motion with visual persistence and masking. 

The duty cycle 𝐷ோ of the FI model in Equation (1) is the ratio of streetlamp spacing 
(D) to the actual size of the streetlamp (S). That is, the driver is stationary. In this case, the 
duty cycle is defined as the static duty cycle, expressed as 𝐷ோೄ. The size of the light source 
perceived by the human eye 𝑆ௌ has the following relationship with the actual size of the 
light source 𝑆: 𝑆ௌ = 𝜂 ∙ 𝑆, (2)

where 𝜂 is the conversion coefficient of perception of the human eye. 𝐷ோೄ = 𝐷 𝑆ௌ⁄ = 𝐷 ሺ𝜂 ∙ 𝑆ሻ⁄ , (3)

When a driver moves relative to a series of streetlamps, the streetlamps generate an 
image of a continuous line on the retina. Because of the persistence of vision and the mask-
ing effect, the image of the streetlamp on the retina is elongated. The size of the elongated 
portion is determined by the product between the visual persistence time 𝑡 and the rela-
tive motion velocity 𝑣. The duty cycle 𝐷ோ in this state is defined as the dynamic duty 
cycle, expressed as 𝐷ோವ. The size of the light source perceived by the human eye 𝑆 has 
the following relationship with the actual size of the light source 𝑆: 𝑆 = 𝜂 ∙ ሺ𝑆 + 𝑡 ∙ 𝑣ሻ, (4)𝐷ோವ = 𝐷 𝑆⁄ = 𝐷 ሾ𝜂 ∙ ሺ𝑆 + 𝑡 ∙ 𝑣ሻሿ⁄ , (5)

In Equation (5), the human persistence of vision time 𝑡  is not zero. Studies have 
shown that under normal conditions, the human eye recognizes a coherent image at a 
speed of 24 frames per second, while the human eye feels comfortable with an image up-
date speed of at least 30 frames per second [51]. The relationship between 𝐷ோೄ and 𝐷ோವ 
can be derived from the function shown in Figure 6. The red line is the projection line of 𝐷ோೄ in the plane of 𝐷ோವ and D. When the speed is 0, 𝐷ோವ = 𝐷ோೄ; when the speed gradu-
ally increases, 𝐷ோವ gradually decreases; at the position v = 0, there is a maximum value, 
which is 𝐷ோೄ. 

Figure 5. The relationship between the image of the lamp and the image of the background can be
described as the positional relationship from (a–d). X represents the displacement. S is the length of
the luminous surface of the streetlamp; D is the spacing between the streetlamps; v is the relative
movement speed. Yellow represents the illuminated part of the street lamp, and grey represents
the background. Regarding the length of images containing both a lamp and a background, four
different scenarios are considered: (a) absence of visual persistence and masking, (b) presence of
visual persistence but absence of masking, (c) presence of both visual persistence and masking, and
(d) presence of motion with visual persistence and masking.

When a driver moves relative to a series of streetlamps, the streetlamps generate an
image of a continuous line on the retina. Because of the persistence of vision and the
masking effect, the image of the streetlamp on the retina is elongated. The size of the
elongated portion is determined by the product between the visual persistence time t and
the relative motion velocity v. The duty cycle DR in this state is defined as the dynamic
duty cycle, expressed as DRD . The size of the light source perceived by the human eye SD
has the following relationship with the actual size of the light source S:

SD = η·(S + t·v), (4)

DRD = D/SD = D/[η·(S + t·v)], (5)

In Equation (5), the human persistence of vision time t is not zero. Studies have shown
that under normal conditions, the human eye recognizes a coherent image at a speed of 24
frames per second, while the human eye feels comfortable with an image update speed of
at least 30 frames per second [51]. The relationship between DRS and DRD can be derived
from the function shown in Figure 6. The red line is the projection line of DRS in the plane
of DRD and D. When the speed is 0, DRD = DRS ; when the speed gradually increases, DRD
gradually decreases; at the position v = 0, there is a maximum value, which is DRS .
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Therefore, according to Equations (1) and (5), the revised FI model expression is:

FI =

[
D

η·(S+t·v) − 1
](

L
B − 1

)
[

D
η·(S+t·v)

]2
+ D

η·(S+t·v) ·
(

L
B − 1

) , (6)

where L is the luminance of the streetlamp surface. B is the ambient luminance. D is the
spacing between two adjacent streetlamps. S is the length of streetlamp surface luminance.
t is the time of persistence of vision. v is speed of the driver.

3.2. The Nature of the Flicker Effect Is the Energy Ratio

For the flicker effect to occur in a driver’s vision, two conditions must be satisfied:
(1) the photo stimulation signal must have a brightness contrast, and (2) the driver must
move relative to the photo stimulation signal. When relative motion occurs and there is no
difference in luminance, or there is a difference in luminance without relative motion, no
flicker effect occurs, and the intensity of the flicker effect is determined by both conditions.
The flicker effect is evaluated by the FI, which in turn is determined by the flicker luminance
contrast LR and the duty cycle DR. However, the essence of both the flicker brightness
contrast LR and the duty cycle DR is the energy ratio.

The ratio LR of the flicker light signal brightness L to the ambient brightness B, which
embodies the brightness contrast, is actually the human eye sensing a photo stimulation
signal. Spatially, a high-brightness streetlamp and the gap between two streetlamps form
a sharp brightness contrast. Due to the problem created by the projection of light and
the grading of a luminaire, light and dark stripes are formed on the road surface. As
shown in Figure 7, the brightness of the surface of the lamp is reduced (the LR value is
decreased), and the human eye feels a decrease in stimulation, indicating that the received
photo stimulation energy is reduced.
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Figure 7. At the same shutter speed, the smaller the brightness of the surface of the lamp (the smaller
the LR value), the smaller the amount of energy received by the human eye and the less the human
eye is irritated.

When a driver is not in relative motion, although there is a difference in brightness,
the driver’s vision does not feel a flicker stimulus. Let the energy stimulating the human
eye per unit area of the light source be P0; that is, let the stimulating energy received by the
human eye by a single light source in the static state be PS.

PS = SS·P0 = η·S·P0, (7)
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Since the human eye is visually inert, the image of the original light source in the eye
is retained for a period of time, and the size of the light source perceived by the human
eye is obviously elongated. The intensity of this sensation is determined by the product
between the visual persistence time and the speed of relative motion. Let the stimulating
energy received by the human eye by a single light source in the dynamic state be PD:

PD = SD·P0 = η·(S + t·v)·P0, (8)

The following can be obtained from Equations (7) and (8):

PD = η·(PS + t·v·P0), (9)

It can be seen from Equation (9) that, when a driver moves relative to a light source, the
human retina receives more energy, which can be calculated as η·t·v·P0. SD is increased by
η·t·v relative to SS; due to the inertia of the human eye, the duration of stimulation for the
human eye is prolonged, and the stimulation energy received by the retina is increased. As
shown in Figure 8, the camera shutter speeds are 1/30, 1/25, 1/8, and 1/5, and the speed
of the lamp relative to the camera is 0, v, 2v, 4v, and 6v. When the shutter speed is the same,
the higher the relative motion speed of the lamp is, the longer the image of the lamp, the
larger the area, and the higher the energy. At the same relative motion speed, the exposure
time is longer, the image of the lamp is prolonged, and the energy is higher. Under the
same brightness, the human eye receives more signal energy if the camera exposure time
is longer (if the human eye persistence time is longer) and the speed of relative motion is
faster.

Sustainability 2023, 15, 8185 9 of 19 
 

 
Figure 8. A set of experimental photos taken with a LMK luminance imager. 

Therefore, when the streetlamp spacing and 𝐿ோ are constant, it is necessary to reduce 
the flicker effect only when the speed approaches 0 or when the speed is very large such 
that 𝑡 ∙ 𝑣  𝐷 is satisfied. There are two conditions here: (1) The speed approaches 0; (2) 
The speed is increased such that 𝑡 ∙ 𝑣  𝐷 is satisfied. Under condition 1, the speed ap-
proaches zero, which is equivalent to the static state. At this time, if the value of 𝐿ோ is 
large, the spatial frequency will increase, and there will still be some discomfort. Under 
condition 2, when 𝑡 ∙ 𝑣  𝐷, that is, when the image of the previous signal remaining on 
the retina has not yet disappeared, the next signal will appear at 𝑡ହ ൏ 𝑡ସ, when the images 
of the two stimuli in the retina overlap, as shown in Figure 9. The time that the bright 
image of the streetlamp remains in the human eye is ∆𝑡 = 𝑡ସ − 𝑡ଵ. If the next bright image 
of the streetlamp is presented within the time ∆𝑡, the object is continuously sensed. At this 
time, the human eye visually senses a continuous band of light, and the flicker effect is 
weakened. 

 
Figure 9. Human eye retention time chart (∆𝑡ଵ is the organ response establishment time). 

4. Forward and Reverse Low-Mounting-Height Lighting 
The perception of road surface brightness by the human eye is determined by the 

luminous flux emitted by the streetlight, which is reflected by the road surface and enters 
the human eye. Only the luminous flux that is reflected by the road surface and enters the 
driver’s eye is considered effective. Increasing the effective luminous flux of streetlights is 
the main approach to reducing energy consumption and minimizing scattered light. As 
shown in Figure 10, Φୱ represents the scattered luminous flux of the streetlight, Φ rep-
resents the directional luminous flux of the streetlight that can enter the human eye, and Φ represents the reflected luminous flux of the light source on the road surface, which is 
related to the reflection coefficient ρ of the road surface. Φ· represents the component 

Figure 8. A set of experimental photos taken with a LMK luminance imager.

Therefore, when the streetlamp spacing and LR are constant, it is necessary to reduce
the flicker effect only when the speed approaches 0 or when the speed is very large such
that t·v ≥ D is satisfied. There are two conditions here: (1) The speed approaches 0; (2) The
speed is increased such that t·v ≥ D is satisfied. Under condition 1, the speed approaches
zero, which is equivalent to the static state. At this time, if the value of LR is large, the
spatial frequency will increase, and there will still be some discomfort. Under condition
2, when t·v ≥ D, that is, when the image of the previous signal remaining on the retina
has not yet disappeared, the next signal will appear at t5 < t4, when the images of the
two stimuli in the retina overlap, as shown in Figure 9. The time that the bright image
of the streetlamp remains in the human eye is ∆t = t4 − t1. If the next bright image of
the streetlamp is presented within the time ∆t, the object is continuously sensed. At this
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time, the human eye visually senses a continuous band of light, and the flicker effect is
weakened.
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4. Forward and Reverse Low-Mounting-Height Lighting

The perception of road surface brightness by the human eye is determined by the
luminous flux emitted by the streetlight, which is reflected by the road surface and enters
the human eye. Only the luminous flux that is reflected by the road surface and enters the
driver’s eye is considered effective. Increasing the effective luminous flux of streetlights
is the main approach to reducing energy consumption and minimizing scattered light.
As shown in Figure 10, Φs represents the scattered luminous flux of the streetlight, Φ f
represents the directional luminous flux of the streetlight that can enter the human eye, and
Φr represents the reflected luminous flux of the light source on the road surface, which is
related to the reflection coefficient ρ of the road surface. Φr·e represents the component of
the reflected luminous flux in the driver’s line of sight, while Φr·v and Φr·t are the ineffective
components. α is the incident angle of the light source, i.e., the angle between the normal of
the road surface and the direction of the light source. ϕ is the angle between the direction
of the driver’s line of sight and the road surface, and θ is the angle between the plane
of the light source direction and the plane of the driver’s line of sight. Reducing Φs and
increasing Φf are the primary methods for improving the efficiency of street lighting and
reducing light pollution, and Φs and Φ f are related to the optical distribution of luminaires.
Increasing α and decreasing θ are the main ways to increase Φr·e, and α and θ are related to
the primary emission direction and height of luminaires. For traditional high mast lighting
and LMHLs, the effective Φ f is small, and Φs is large. The light is projected vertically onto
the road, so α is small and θ is large. Therefore, these lighting methods and luminaires have
low effective light flux entering the driver’s eyes, resulting in low utilization efficiency of
effective light and increased useless light. This is also why they contribute greatly to energy
consumption and light pollution.

∅r = ∅ f ·ρ, (10)

∅r·v = ∅r·cosα, (11)

∅r·t = ∅r·sinα·sinθ, (12)

∅r·e = ∅r·sinα·cosθ·cosϕ, (13)

On the aforementioned analysis, we propose a low-mounting-height lighting solution
with both forward and reverse lighting [21,65,66]. Forward lighting refers to the light
emitted by the luminaire in the direction of the driver’s travel, as demonstrated in Fig-
ure 11a, whereas reverse lighting refers to the light emitted by the luminaire in the opposite
direction to the driver’s travel, as shown in Figure 11b. These two lighting methods no
longer illuminate the area near the luminaire, but illuminate the area at a certain distance
from the luminaire, and the choice of forward and reverse lighting methods depends on the
roughness (ρ) of the road surface. The implementation of both forward and reverse lighting
methods reduces the θ, while LMHLs lead to an increase in the α angle. Both approaches
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result in an increment of the effective luminous flux of the luminaire. We developed a
LMHL based on this principle and tested it on the Qingshan Yangtze River Bridge in
Wuhan, China. Figure 12a displays the field test scene, and Figure 12b exhibits the scene’s
brightness distribution. Figure 12c–e showcase the luminaire we employed, including
the luminaire surface brightness, and Figure 12f depicts the brightness distribution of the
bridge surface. We also tested a bridge in Shenzhen, China, using existing LMHLs that
projected light directly onto the road center, as shown in Figure 13b. For both tests, we
employed the Radiant Vision System Imaging Photometer and Colorimeter, as well as
the luminance and glare test equipment produced by Huaying Optoelectronics (GM-2000
model). The testing apparatus was installed at a height of 1.5 m and situated 60 m away
from the center of the bridge deck that was being tested. Detailed test parameters and
results are available in Table 1.
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Figure 10. Analysis of effective luminous flux for road lighting. Φs represents the scattered light flux
of the streetlamp, Φ f represents the directional light flux of the streetlamp that can enter the human
eye, Φr is the reflected light flux of the light source on the road surface, which is related to the road
surface reflection coefficient ρ. Φr·e is the component of the road surface-reflected light flux in the
driver’s line of sight. Φr·v and Φr·t are the ineffective components. α is the incident angle of the light
source, i.e., the angle between the normal to the road surface and the direction of the light source.
ϕ is the angle between the direction of the driver’s line of sight and the road surface. θ is the angle
between the plane of the light source projection direction and the plane of the driver’s line of sight.
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Figure 11. (a) shows forward lighting, in which the direction of light is the same as the driver’s travel
direction. (b) shows reverse lighting, in which the direction of light is opposite to the driver’s travel
direction.
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brightness distribution at the site; (c) luminaire in use; (d) brightness distribution on the bridge deck;
(e,f) surface brightness of the luminaire.
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Table 1. Detailed testing parameters for low-installation-height lighting on bridges in two cities.
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SZ 24 15 1.5 90 9495.74 34.66 1.0 40 2.13 273.97 1.03 3.12 0.59 0.42 7.41 5.4 35.6

WH 12 20 3.2 12 1.18 1.02 0.2 40 0.4 1.16 4.83 4.17 0.68 0.95 3.47 0.8 2.86

SZ: Shenzhen City; WH: Wuhan City; P: Actual power of a single luminaire; W: Width of the bridge; D: Distance
between adjacent lamps; A: Angle between light projection direction and road edge; L: Average luminance of the
surface of the lamp; B: Average luminance of the background; S: Length of the streetlamp surface illumination;
v: Movement speed; LPD: lighting power density; LR: Luminaire surface luminance and background luminance
contrast; DRD : Dynamic duty cycle; Lav: Average road surface luminance; U0: Overall uniformity of road surface
luminance; UL: Longitudinal uniformity of luminance; f : CIE flicker frequency calculation method; TI: Threshold
increment; FI: Flicker index.



Sustainability 2023, 15, 8185 12 of 18

The following conclusions can be drawn from the data in the tables:

1. The LR value has a greater impact on FI value;
2. The 12◦ irradiation method can illuminate a wider road than the 90◦ irradiation

method;
3. The main method for reducing the FI value is to coordinate the relationship between

LR and DRD ;
4. The average road surface brightness, overall uniformity, and longitudinal uniformity

of the bridges in Wuhan were found to be higher than those in Shenzhen, indicating
that the lighting effect in Wuhan was superior to that in Shenzhen;

5. The FI value obtained from Equation (1) for the Shenzhen bridge test is significantly
higher, at 35.6%, in comparison to Wuhan’s value of 2.86%. This discrepancy is mainly
due to the excessive surface luminance of the lamps utilized in Shenzhen. The average
luminance of the lamps surface in Shenzhen is 9495.74 cd/m2, while that of Wuhan is
only 1.18 cd/m2. As compared to the surface luminance of existing low-installation-
height lamps in Shenzhen, the surface luminance of Wuhan lamps only accounts for
0.012%, which results in a 99.988% reduction in stray light;

6. Based on the definition of road flicker frequency in CIE 88-2004, the flicker frequency
is 7.41 Hz for the Shenzhen bridge and is 3.47 Hz for the Wuhan bridge, both of which
are in the range not recommended by CIE 88-2004;

7. Another approach to reduce flicker is to decrease the spacing D between luminaires,
but this may result in an increase in LPD. According to the guidelines of CIE136-
2000 [67], LPD should not exceed 1 W/m2. Wuhan’s tested lamps saved 60% of
the electricity compared to the CIE standard, while compared to conventional low-
installation-height lamps in Shenzhen, they saved 81% of electricity.

8. By comparing the Threshold Increment (TI) and Flicker Index (FI) values of the
two bridges, it is evident that reducing the surface luminance of lamps significantly
reduces both indices.

5. Discussion

Compared with traditional high pole lamps, LMHLs are easier for workers to maintain
and repair, with relatively low maintenance costs. Their installation height is aligned
with the driver’s visual plane and extends along the edge of the road, facilitating the
driver’s identification of the direction of the road. While LMHLs have a smaller spacing
between lamps than high pole lamps, increasing the number of luminaires can lead to
higher manufacturing costs. However, there is no need to set up additional support or
bulky lamp posts, which is advantageous for bridges as it reduces the load on the bridge
structure.

The current LMHLs direct their light directly into the center of the road. As a result,
a significant proportion of the emitted light from street lamps fails to enter the driver’s
visual field and scatters into the surrounding environment, resulting in a lower effective
luminous flux. The effective luminous flux of the street lamp is related not only to the
reflective properties of the road surface, but also to the direction of the light emission from
the lamp post. The latter requires that the light emitted by the street lamp is reflected off
the road surface as close to parallel as possible to the driver’s line of sight. The illumination
of forward and reverse light sources should approach parallel directions with the driver’s
line of sight.

Currently, the high surface brightness of LMHLs causes high contrast with the back-
ground, leading to potentially significant flicker effects and light pollution due to excessive
scattered light. Of course, reducing the upward light ratio (ULR) and surface scattered light
of the street lamp, improving the light efficiency of the street lamp source, and optimizing
the spectral power distribution (SPD) of the street lamp are all possible measures by which
to reduce the contribution of street lamps to light pollution.

Flicker is a subjective sensation in humans, which is related to factors such as the
frequency, duty cycle, modulation depth, and luminance contrast of the flickering light [68].
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In 1961, Kelly [69] demonstrated through experimental evidence that, with increasing
luminance contrast of the stimulus, the sensitivity and peak frequency of the human eye
also increase, as show in Figure 14.
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The flicker effect is a parameter that needs to be considered in tunnel lighting. How-
ever, there are currently no relevant standards specifying the flicker effect in LMHL illumi-
nation. This paper refers to the calculation method and threshold for flicker frequency in
tunnel lighting outlined in CIE 88-2004 [29]. The CIE recommends that flicker frequency
(f ) be smaller than 2.5 Hz or greater than 15 Hz, and that the flicker frequency is equal
to the ratio of the streetlamp separation distance (D) to the driving speed (v). This def-
inition is not complete for three reasons: (1). This recommendation ignores the essence
of flicker as an energy ratio. Experimental studies [21,22] have shown that reducing the
intensity of the light energy can effectively alleviate the degree of visual fatigue. (2). Specific
studies [41,42] have shown that people with epilepsy are most sensitive to frequencies
of 15–20 Hz (Figure 15). (3). Frequencies smaller than 2.5 Hz or greater than 15 Hz are
inconvenient in the installation of streetlamps in practical engineering applications [21,22].
When the vehicle speed is 40 km/h, the distance between two lamps should be greater than
4.5 m or less than 0.7 m, which brings inconvenience to the installation of street lights in
actual projects (Figure 16). As is widely recognized, the physiological and psychological
effects experienced by drivers when operating vehicles in tunnels and open roads differ.
Consequently, they may exhibit varying sensitivities to flicker frequency. In the future, it
will be necessary to conduct research on the threshold values of flicker frequency in LMHL
illumination under these conditions.
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The present paper builds upon prior studies. The nature of the flicker effect has
been thoroughly explored, particularly in Ref. [22], which analyzed light energy intensity.
Nevertheless, it must be noted that the flicker index (FI) in Ref. [22] is centered on the
static flicker effect. This approach does not account for the dynamic process that ensues
from the relative movement between a driver and a light source, which results in periodic
stimulation of human vision by means of varying light energy.

The time for streetlamps to be imaged on the retina is prolonged because of the
persistence of vision. The imaged area of the street lamp on the retina increases due to
visual masking. According to these two characteristics, the FI model is revised. The revised
FI model, which is related to the driver’s motion state, has a larger range than the model
before the revision, and is more meaningful in actual engineering. Since the persistence
time of the human eye is related to the age of the observer, the received light intensity, the
environment, the degree of visual fatigue, the color of the light source, and other factors, the
sensations of different people will vary. Hence, the evaluation criteria must be developed
further. If the persistence time (t) is less than the time taken for the second light source to
appear (D/v), then the driver will visually sense a flicker. If the persistence time (t) is greater
than the time taken to pass two streetlamps (D/v), the sensation of the driver will transform
from a point light source to a line source, and the image of the bright area will convert into
a long, bright line, masking the image of the dark area. Increasing the vehicle velocity and
decreasing the inter-lamp spacing may alleviate the flicker effect, but such measures also
increase the possibility of traffic accidents at higher speeds or inflate project costs through
smaller spacing. Moreover, these adjustments may increase the threshold increment (TI)
value. Its calculation can be found in Ref. [70]. For traditional high pole lights, the flicker
effect is almost negligible, but for LMHLs, the flicker effect affects the driver’s visual
comfort. When LMHLs use continuous light bars, the flicker effect is significantly reduced,
but the TI value will increase significantly due to the proximity of the light-emitting surface
of the street lamp to the driver’s line of sight. When using spaced luminaires, the TI value
will decrease, but the FI value will increase significantly. Therefore, an evaluation of an
LMHL with TI or FI alone is not comprehensive. Therefore, for LMHLs, a combination of
these two indices should be used.

The key technology to reduce the flicker effect is to reduce the energy ratio of lamp
surface light to ambient light. There are two ways to reduce the energy ratio: (1) Increase the
ambient luminance; (2) reduce the surface luminance of the streetlamp. They have different
meanings for different scenarios and people. For open roads, increasing the luminance
of the background helps to improve the visibility of the target to ensure environmental
safety. For closed roads, reducing the surface luminance of streetlamps is conducive to
saving energy and reducing light pollution. When the surface luminance of the streetlamp
decreases, the contrast with the background luminance decreases, and the stimulation to
the human eye decreases. At this time, it is only necessary to adjust the uniformity of the
road surface through a reasonable light distribution technology to reduce road surface
streaks.
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6. Conclusions

The conventional LMHLs are known to exhibit high surface brightness and serious
scattered light, which consequently result in significant environmental interference and
elevated energy consumption. This condition is mainly attributed to the limited effective
luminous flux of the emitted light into the driver’s field of vision, leading to low light
utilization efficiency. The projected light output from these fixtures is directed specifically
towards the center of the road to fulfill the lighting requirements of the middle of the road.
Moreover, the intense brightness of the lighting fixture surface generates a sharp contrast
with the low luminance levels of the surrounding environment. As a consequence, when a
driver moves relative to the LMHLs in this environment, a potent flicker effect emerges
on the retina, causing visual fatigue and discomfort to the human eye. The intensity
of the flicker effect is evaluated using the FI, which is a function of luminance contrast
and duty cycle. The luminance contrast represents the ratio of light energy, and due to
the persistence of vision and visual masking, the energy stimulus received by the retina
increases while the driver moves. In this paper, an updated version of the FI model has
been proposed, which offers a wider scope and practical significance than its predecessor.
From the revised FI model, it is evident that two approaches can be utilized to reduce the
flicker effect: reducing the luminance contrast and increasing driving speed. However,
increased speed has new effects on the driver. To lower the luminance contrast, measures
such as reducing the surface luminance of street lights and increasing ambient luminance
must be implemented. Achieving reduced surface luminance requires new illumination
angles and lighting solutions for the lighting fixtures. On the other hand, enhancing the
ambient luminance can cater to the diverse needs of different groups of people, such as
those with poor eyesight, and different application scenarios.

This study proposes the notion of effective luminous flux with respect to lighting
fixtures. This refers to the part of luminous flux in the light generated by streetlights
that is reflected through the road surface and enters a driver’s vision to elicit visual
perception. Through an analysis of the effective luminous flux of lighting fixtures, we
suggest two lighting methods: forward and reverse low-height lighting. Forward lighting
refers to illumination in the direction of the driver’s travel and is suitable for rough
road surfaces, whereas reverse lighting describes illumination in the opposite direction of
the driver’s travel and is recommended for smoother road surfaces. These two lighting
methodologies effectively increase the effective luminous flux emanating from the lighting
fixtures, decrease the surface luminance of said fixtures (i.e., reduce scattered light), and
eliminate flicker effects.

Our practical tests reveal that the energy consumption of these forward and reverse
LMHLs is 60% lower than international standards and 81% lower than existing LMHLs. In
terms of light pollution, the surface brightness of the forward and reverse lighting fixtures is
only 1.18 cd/m2, which accounts for merely 0.001% of the surface brightness of traditional
lighting fixtures. As such, stray light is reduced by 99.89%, and the flicker intensity of these
fixtures is only 2% of that of existing fixtures, significantly reducing the impact of flicker
effect on drivers.

This study offers valuable insights into the quantification and mitigation of the flicker
effect associated with LMHLs. Furthermore, it presents novel approaches and strategies
aimed at enhancing the efficiency of street lighting and decreasing light pollution stemming
from stray light emitted by street lamps.
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