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Abstract: This study aims to develop a human-centric, intelligent lighting control system using
adaptive LED lights in roadway lighting, integrated with an imaging luminance meter that uses an
IoT sensor driver to detect the brightness of road surfaces. AI image data are collected for luminance
and vehicle conditions analyses to adjust the output of the photometric curve. Type-A lenses are
designed for R3 dry roads, while Type-B lenses are designed for W1 wet roads, to solve hazards
caused by slippery roads, for optimizing safety and for visual clarity for road users. Data are collected
for establishing formulae to optimize road lighting. First, the research uses zonal flux analysis to
design secondary optical components of LED roadway lighting. Based on the distribution of LED
lights and the target photometric curve, the freeform surface calculation model and formula are
established, and control points of each curved surface are calculated using an iterative method.
The reflection coefficient of a roadway is used to design optical lenses that take into account the
illuminance and luminance uniformity to produce photometric curves accordingly. This system
monitors roadway luminance in real time, which simulates drivers’ visual experiences and uses
the ZigBee protocol to transmit control commands. This optimizes the output of light according to
weather and produces quality roadway lighting, providing a safer driving environment.

Keywords: human-centric lighting (HCL); adaptive light distribution; intelligent roadway lighting;
imaging luminance meter; zonal flux; freeform surface; iterative method

1. Introduction

LED light sources are currently widely used in the lighting market. They have many
advantages, such as high luminous efficiency, low power consumption, multi-color and
longevity [1], but on the contrary there are heat dissipation and cost issues that must be
resolved at the same time [2]. In addition, the optical characteristics of LEDs and traditional
light sources are very different [3]. LEDs have become a new-generation light source and
its directional light-emitting features hold a number of optical advantages [4]. Therefore,
when this new generation of LED lights are used in commerce, or to illuminate places such
as homes and roads, they must have a good optical design to achieve the required lighting
quality and efficiency. Professional roadway lighting requires precise light distribution
in order to provide a safer driving environment for road users. In order to achieve the
goals mentioned above, LEDs must change the output of the beam angle with the help of
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secondary optical components to provide appropriate lighting for all kinds of places, so as
to meet the expectations and needs of road users.

When it comes to LED secondary optical design, there are some important factors
that should be taken into consideration in the current LED optical industry, such as man-
ufacturing materials, production techniques, beam pattern application, freeform surface
calculation and efficiency evaluation, etc. These factors will directly affect the quality of
lighting and only by fully considering the correlation between various indicators, and mak-
ing a comprehensive evaluation of the whole system, can a lighting design be thoroughly
planned out.

There are many types of LEDs on the market at the present time, and different package
forms of light sources display their beam pattern differently [5]. Although the light-emitting
area of most LED lights are smaller than traditional light, it cannot be regarded as a real
dot lighting source. The recent literature has proposed a few lighting uniformity designs
for the LED light source [6,7], however, they often assume that LEDs are an ideal light
source, which causes further constraints when designing. Currently, there are some studies
on LED secondary optical design that proposes that the design process be conformed to its
application requirements and needs. The most extensive research, which is still in the early
stage of its development, is the design of the total internal reflection lens [8–11]. Based
on the physical characteristics of the total internal reflection principle, components of the
curved surface are designed to change the LED’s light-emitting angle.

There are diverse research directions on the application of freeform surfaces regarding
LED secondary optics, and there are many discussions on the establishment of formulas
and methods of evaluation [12–15]. The research includes collimating lens design [16,17],
which defines the basic general formula for freeform surface design. Under ideal light
sources, perfect collimated light can be output, as well as a narrow-angle beam pattern in
practice. Much of the literature has further discussed the improvement of uniformity and
efficiency of lighting [18–22]; the design method of freeform surfaces is also suitable for road
lighting [23–25], and provides various calculation methods when designing rectangular
beam patterns. Besides using freeform lens analysis for secondary optics design, it can also
be applied on LED packaging [26], chromaticity space uniformity [27] and offer concrete
improvement guidelines.

For the secondary optical design of road lighting, the main requirement is often the
uniformity of illuminance, hence the designs are all aimed at forming a uniform rectangular
beam pattern. However, from a driver’s point of view, the level of luminance of the road
surface is the most important factor that determines their visual experience. In addition,
different pavement materials, such as asphalt, cement, etc., will have different brightness
coefficients on the road surface. In ideal conditions, different road surfaces have their
ideal photometric curves, and the optical parameters can be obtained through actual
driving experience.

The purpose of roadway lighting is to provide road users with a comfortable and
quality light source while driving. We have referred to luminance-related road lighting
publications including the Taiwan Expressway Lighting Code CNS-16069, International
Road Lighting Code CIE-115-2010 [28] and the North America Lighting Association Road
Lighting Code RP-8 -19 [29]. In addition, when using luminance as an evaluation standard
for lighting quality, drivers’ visual perceptions can serve as a reference when design-
ing lighting.

As shown in Figure 1, the relationship between users’ viewing angles and the angle
of the road surface scattering characteristics is clearly defined in the CIE-140-2000 [30]
measurement regulations. When calculating the level of luminance for the road surface,
its brightness coefficient (r-table) should be taken into consideration. The reflection co-
efficients of incident light from different angles are non-identical. Even if the luminance
is measured from the same observation point, different luminance levels will be gener-
ated due to the difference in the angle of the observation position. Therefore, when it
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comes to road surface, the luminance measurement is relatively more complicated than the
illuminance measurement.

Figure 1. The relative relationship between the angle of observation and the road surface (CIE-140).

Recent years, the measurement methods for road lighting have made significant
progress. Studies [31] have established a complete measurement system that can assess the
luminance and illuminance of road images on continuing roads, which can be considered
as a reliable method and of reference value when it comes to on-site road lighting testing
and acceptance. Some researchers [32] have also combined the illuminance measurement
system with vehicles so that the road surface illuminance level can automatically be
recorded while in motion. Although the method is quite convenient, the interference factors,
such as vehicle lights, would be hard to avoid during the whole measurement process.
The designs of most of the measurement equipment are based on the theory of photonic
vision. Since the roadway lighting at night is often in a mesopic-vision environment,
the S/P ratio of the street light spectrum will greatly affect the measured value. This
theory is typically suitable for road lighting that has a dark surrounding environment [33].
Pedestrian demands are one type of issue that has received attention in recent years. Besides
considering the visual experience (clarity) of the driver, roadway lighting should also take
into account the safety of the pedestrians. Researchers [34] used ILM to analyze the contrast
of pedestrian, road surface and background luminance from the drivers’ fields of view,
which are different from the traditional measurement design, which only evaluates the
road surface illuminance of the crosswalk. Another study [35] introduced some practical
measurement experience. Since the measured value of the luminance depends on the
on-site road surface condition, the study points out that the road surface reflectivity and
road curves are both influencing factors. Therefore, in addition to the lighting simulation
software data, the theoretical basis should also take into consideration of the on-site road
surface conditions for verification.

2. Materials and Methods

Before undergoing secondary optic design, it is necessary to evaluate LED energy
to understand the luminous flux distribution state. The optical elements can transfer the
existing energy of the light source to the target area forming an effective light intensity
ratio that forms a presupposed photometric curve. This paper uses the concept of “zonal
flux” to evaluate the proportion of luminous flux in each zone based on different light
types so as to adjust effectively the angle of incident light and outgoing light; at the same
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time, “freeform surfaces” and “iterative calculations” are used to calculate the 3D structure
of the optical components to figure out the correct curvature of each light zone.

2.1. Zonal Flux

An imaginary spherical surface is used for calculating luminous flux, as shown in
Figure 2, with point O as the center of the sphere and radius R. If luminous flux in a certain
direction is required, it can be calculated by multiplying the luminous intensity with the
solid angle from that particular direction. Therefore, when a certain direction is (θ, ϕ), light
intensity is I(θ, ϕ), spherical projection area is ds, solid angle is dΩ, luminous flux is dϕ
and the total zonal flux of the sphere is φ, the equations are shown in Formula (1)–(4). If the
beam pattern is display in a symmetrical light distribution condition, that is, I(θ, ϕ) = I(θ),
then the total zonal flux can be calculated by Formula (5) [36]:

dS = Rdθ × R sin θdϕ = R2 sin θdθdϕ (1)

dΩ = ds/R2 = sin θdθdϕ (2)

dϕ = I(θ, ϕ)dΩ = I(θ, ϕ) sin θdθdϕ (3)

φ =
∫ 2π

ϕ=0

∫ π

ϕ=0 I(θ,ϕ) sin θdθdϕ

(4)

φ′ = 2π
∫ π

0
I(θ) sin θdθ (5)

If the light source I(θ) is distributed irregularly and cannot be expressed by a mathe-
matical function, then, when calculating the total zonal flux, Formula (6) should be applied
instead, where C(θ) is used as the solid angle of ∆θ, which is also regarded as the ring
coefficient. If the required solid angle ∆θ is between the vertical angle θa to θb of the light
distribution, then the ring coefficient C(θab) and the zonal flux φab can be obtained using
Formula (7) and (8) as shown in Figure 3. Table 1 is a list of ring coefficients that correspond
to angles less than 90◦ and are calculated at 10◦ intervals.

Figure 2. Zonal flux calculation of a 3D sphere.

Figure 4 is a standard Lambertian LED light distribution and its total luminous flux is
100 lm. At intervals of 10◦, we use the above zonal flux formula to obtain the luminous flux
of each zone, as shown in Table 2. Moreover, the luminous flux for the whole circumference
is confirmed with a total of 100 lm. As is evident, while the LED light source might have
the highest central luminous intensity, the luminous flux is only about 3% within the
vertical angle of 0◦–10◦. This means that high luminous intensity is not equivalent to high
luminous flux. Since the secondary optical design uses luminous flux distribution to adjust
the output beam angle, zonal flux analysis is of considerable importance for the light source
and targeted beam pattern.
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Figure 3. Schematic diagram of zonal flux calculation.

Table 1. Zonal coefficients (vertical angle).

∆θab
Zonal Zone

C(θ)
Zonal Coefficient

0–10 0.095

10–20 0.283

20–30 0.463

30–40 0.628

40–50 0.774

50–60 0.897

60–70 0.993

70–80 1.058

80–90 1.091

Figure 4. LED Lambertian light distribution (100 lm).
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Table 2. Zonal flux analysis for Lambertian LED (100 lm).

Zonal Angle θ
(◦)

Average Intensity
(cd)

Zonal Coefficient
2π(cosθ1−cosθ2)

Zonal Flux
(lm)

0–10 31.6 0.095 3

10–20 30.6 0.283 8.7

20–30 28.7 0.463 13.3

30–40 26.0 0.628 16.3

40–50 22.4 0.774 17.4

50–60 18.2 0.897 16.3

60–70 13.4 0.993 13.3

70–80 8.2 1.058 8.7

80–90 2.8 1.091 3

Total zonal flux (lm) 100

2.2. Freeform Surface

Freeform surface generally refers to an irregular or non-symmetric smooth surface,
which varies from that of an ellipse, a parabola or conic curve formed with a specific
shape. Freeform surface was mainly used in the design of the exterior structure of car
bodies or ships in the early days. The application of optical design is mainly based on
the relationship between light distribution and target illuminance, which is conformed
to Snell’s law, Etendue conservation and the Edge-ray principle, etc. When a derivative
formula of the curved surface is established then we can obtain the control points of the
component structure and model the freeform surface. In this paper, the distribution of the
LED light and the required light type of the observation surface are analyzed using zonal
flux; the incident light source is divided into grids and correspond to the outgoing position
of the target plane. Figure 5 is a display of the light energy mapping of the freeform surface.

Figure 5. Freeform surface light energy mapping diagram [36].

When solving or optimizing freeform surfaces, a large number of complicated mathe-
matical calculations of differential equations are commonly used. When it comes to basic
geometric optics, the intersection of the linear equations, based on the incident light vector
and the tangent vector, is the control point for the curve. The calculation process is rela-
tively simple and could apply to most of the geometric curved surfaces. However, when
the number of control points is insufficient, for instance, if we calculate at intervals of 5◦ or
10◦, it may lead to deviation in the tangent vector [17]. Therefore, when designing, a large
number of control points should be used to create a freeform surface structure to reduce er-
rors although it will also increase the computing time during modeling. In addition, when
it comes to different lens applications or output angle beam pattern, the reasonable number
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of control points demanded will primarily be based on related designing experience. While
the goniometer measures luminaire distribution at intervals of 2.5◦, the optical lens design
in this paper calculates at intervals of 1◦ when analyzing, its deviation is less than 1%
when compared with using intervals of 0.1◦ in horizontal plane analysis. Moreover, when
calculated at intervals of 1◦, the software efficiency is quite good and the control points of
the freeform surface are very accurate.

2.3. Geometric Analysis of Optical Refraction Surface in Roadway Lighting

According to the law of refraction, which is generally known as Snell’s law, the optical
axis Z is use as a reference for 0◦ as shown in Figure 6, the ideal light source O is refracted
to direction B at θb from a certain incidence angle A which is θa. θ1 and θ2 are the incident
light and the outgoing light from the normal line LN of point P, respectively. θN is the
included angle between the normal line LN at point P and the horizontal line. Finally, we
can obtain the slope of the tangent line MP at point P and the tangent line equation of the
reflecting surface LC by the mathematical relationships as follows:

θ′a − θ1 + θb + θ2 =
π

2
⇒ θ2 =

π

2
− [(θ′a + θb)− θ1] (6)

Figure 6. Geometric analysis of the curved surface refraction.

The relationship between the tangent line LC at point P and the horizontal line angle
θC is as follows:

θc = θa + θ1 =
π

2
− θ′a + θ1 = θb + θ2 (7)

Based on Snell’s law, the relation of θ1 and θ2 is as shown in Formula (8). This study
uses PMMA and PC for lens design, and the refractive index of medium n1 is 1.49 and
1.59 respectively; the second medium n2 is air, whose refractive index is 1. Formula (6) is
inserted into Formula (7) to obtain the complete relation:

n1 sin θ1 = n2 sin θ2
= sin

{
π
2 − [(θ′a + θb)− θ1]

}
= cos[(θ′a + θb)− θ1]
= cos(θ′a + θb) cos θ1 + sin(θ′a + θb) sin θ1

(8)

After dividing Formula (8) by cos θ1, we obtain Formula (9) and substitute it into
Formula (7) to obtain angle θc, which is the angle between the tangent line at point P and
horizontal line LC as shown in Formula (10):
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θ1 = tan−1[
cos(θ′a + θb)

n1 − sin(θ′a + θb)
] (9)

θc = θa + θ1 = θa + tan−1[
cos(θ′a + θb)

n1 − sin(θ′a + θb)
] (10)

We can obtain the slope of the tangent line MP at point P from Formula (10).

MP = − tan θc = − tan
{

θa + tan−1[
cos(θ′a + θb)

n1 − sin(θ′a + θb)
]

}
(11)

The tangent equation at point P can be obtained from MP Formula (11).

y− yP = MP(x− xP)
⇒ y = MP(x− xP) + yP

= − tan
{

θa + tan−1[
cos(θ′a+θb)

n1−sin(θ′a+θb)
]
}
× (x− xP) + yP

(12)

2.4. Establish the Freeform Surface Formula for a Roadway Lighting Lens

The ways of emitting light for a roadway lighting lens are different from that of a total
internal reflection lens and, due to its larger irradiated surface, a wider emergent angle is
usually required. Generally, the incident light will be refracted twice to meet the demand
distribution. In this study, we divided the road lighting lens components into a central
refraction lens area and freeform surface refraction area. The mathematical model for each
curve surface is as follows.

There are two main surfaces, which include the incident ray surface (first refraction)
and the freeform surface (second refraction). The coordinate of the incident ray is Cc(xc, yc)
with incident angle θi and refracting angle β, which is also the incident angle of the freeform
surface at coordinate CF(xF, yF). After the second refraction by the curved surface with m4
slope, the final refracting angle is γ.

2.4.1. Incident Ray Surface

After the LED light enters the lens, it travels according to the rule of refraction. Since
the incident surface is a freeform surface, as shown in Figure 7, the location of each point
Cc(xc, yc) will be obtained through calculations. The calculation is roughly the same as
that of a total internal reflection lens regarding the central refractive lens. First, we need to
build the linear equation of the incident light:

y = x tan(90− θi) = m1x (13)

where θi is the incident angle of the LED light and m1 is the slope of the LED incident light.
The relation between the incident lens and the geometric relation of θ1 and θ2 is shown

in Figure 7 and is based on Snell’s law, with θ2 = θ1 + (β − θi). After the light passes
through the freeform surface, β is the included angle between the light and the optical axis,
the calculation formula is as shown in Formula (14):

θ1 = cot−1[
n1 − n2 cos(β− θi)

n2 sin(β− θi)
] (14)

Regarding the freeform surface control point Cc(xc, yc) of the intermediate lens, the
tangent equation and the slope equation m2 passing through the control point are as follows:

y− yc = m2(x− xc) (15)

m2 = − tan(θi − θ1) (16)
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Figure 7. Mathematical model of a roadway lighting lens.

We solve the simultaneous equations of (13) and (15) by using an iterative method to
obtain the coordinates of the control points of the central refractive lens area and connect
the points to form the curved surface of the lens.

x =
m2x(0)c − y(0)c

m2 −m1
= x(1)c (17)

y = m1(
m2x(0)c − y(0)c

m2 −m1
) = y(1)c (18)

2.4.2. Freeform Surface Refractive Lens Area

After the LED light is refracted into the lens through the incident ray’s surface, it
travels according to its optical path and increases its output angle after travelling through
the freeform surface refraction lens area. The coordinates of each CF(xF, yF) are obtained
after calculation. The light travels through the incident lens area and passes the Cc(xc, yc)
point. The ray equation and slope relationship n3 after refraction are as follows:

y− yc = m3(x− xc) (19)

m3 = tan(90− β) (20)

Based on Snell’s law, when discussing the geometric relation of θ3 and θ4 in Figure 7,
where γ is the included angle between ray axis and refracting ray from freeform surface,
the calculation formula of θ3 is as shown in (22):

θ4 = θ3 + (γ− β) (21)

θ3 = cot−1[
n2 − n3 cos(γ− β)

n3 sin−(γ− β)
] (22)
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In addition, we establish the tangent equation of the light that travels through the
freeform surface and that passes point CF(xF, yF) as in (23). The tangent slope of the
freeform surface m4, as shown in (24), is obtained by using characteristics of refraction.

y− yF = m4(x− xF) (23)

m4 = −tan(β− θ3) (24)

We solve the simultaneous equations of (19) and (23) by using an iterative method to
obtain the coordinates of the control points of the freeform surface refractive lens area, and
the points are connected to form the curved surface of the lens:

x =
m4x(0)F − y(0)F −m3xc + yc

m4 −m3
= x(1)F (25)

y = m4(
m4x(0)F − y(0)F −m1xc + yc

m4 −m3
− x(0)F ) + y(0)F = y(1)F (26)

2.5. Secondary Optical Design of a Roadway Lighting Lens

This article has designed the optical lenses separately according to two road lighting
requirements, which are “equal illuminance” and “equal luminance”, and mainly discusses
the energy distribution of the transverse roadway lines (TRL). The photometric curve of
the lighting distribution is mainly Type II-Medium.

2.5.1. The Applied LED Light Source

Lumileds LUXEON Rebel ES LED [37] was used as the light source for the design
of the roadway lighting lens. The photoelectric specifications are shown in Table 3. This
study uses 4000 K color temperature and a color rendering index (CRI) of 85. Its effective
beam angle is 120◦. The spectral power distribution and relative intensity versus angular
displacement are shown in Figure 8. The entity diagram and mechanical dimensions are
shown in Figure 9.

Table 3. Specifications of LUXEON Rebel ES LED (LXW8-PW40).

LUXEON Rebel ES LED Specifications

Luminous flux 106 lm (350 mA)/190 lm (700 mA)

Max DC forward current 1200 mA

Forward voltage 2.9 V (350 mA)/3.05 V (700 mA)

CCT range 2700 K~5000 K

CRI 85

Viewing angle (FWHM) 120◦

The zonal flux analysis of the Rebel ES LED beam pattern is shown in Figure 8. The
beam pattern is displayed with a 120◦ angle and the output is set to 150 lm. It is calculated
at every 10◦ interval to obtain the luminous flux ratio of each ring zone, the values are
shown in Table 4.

2.5.2. Lens Design of Roadway Lighting

We design two kinds of lenses based on the R3 road surface (dry) and W1 road surface
(wet) and will rename the lenses to Type A and Type B respectively. Type A lenses are
designed for the purpose of equivalent road illuminance on R3 roads, so the photometric
curve will be similar to the batwing model. Type B lenses are designed for the purpose of
equivalent road luminance especially on W1 roads to maintain good uniformity on rainy
days and to avoid the zebra effect.
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Figure 8. Optical characteristic of Rebel ES LED: (a) spectral power distribution; (b) relative intensity
vs. angular displacement [37].

Figure 9. Rebel ES LED: (a) entity diagram; (b) mechanical dimensions [37].

Table 4. Zonal flux analysis of Rebel ES LED (100 lm).

Zonal Angle θ
(◦)

Average Intensity
(cd)

Zonal Coefficient
2π(cosθ1−cosθ2)

Zonal Flux
(lm)

Flux Percentage
(%)

0–10 47.4 0.095 4.5 3

10–20 46.0 0.283 13.0 8.7

20–30 43.1 0.463 20.0 13.3

30–40 39.0 0.628 24.5 16.3

40–50 33.7 0.774 26.1 17.4

50–60 27.3 0.897 24.5 16.3

60–70 20.1 0.993 20.0 13.3

70–80 12.3 1.058 13.0 8.7

80–90 4.1 1.091 4.5 3

Total zonal flux (lm) 150 100%

Roadway lighting has a wider light output angle and is more likely to have glare
issues. Therefore, when defining the targeted beam pattern, it is very crucial to pay close
attention to the maximum light output angle and half intensity beam angle. The lens in
this article is designed using PC material. Figure 10 displays the targeted beam pattern
according to the two lighting requirements of a roadway lighting lens, and zonal flux is
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used for analysis. The estimated correlation between the incident light and the outgoing
light based on the luminous flux ratio of each angle is shown in Table 5. All the light needs
to do for a large angle of energy transfer and the light path of the lens is shown in Figure 11.
Figure 12 displays the uniform illuminance and uniform luminance photometric curve of
the final (lens) design.

Figure 10. The targeted photometric curve of a roadway lighting lens: (a) Type A; (b) Type B.

Table 5. The configuration of a ray path: (a) Type A; (b) Type B.

(a)
Zonal Angle θ

(◦)
Flux Percentage

(%)
Target Flux

(%)

0-10 3 0.6

10-20 8.7 1.9

20-30 13.3 3.5

30-40 16.3 5.8

40-50 17.4 9.5

50-60 16.3 16.8

60-70 13.3 34.2

70-80 8.7 27.7

80-90 3 0

(b)
Zonal Angle θ

(◦)
Flux Percentage

(%)
Target Flux

(%)

0-10 3 2

10-20 8.7 5.6

20-30 13.3 8.8

30-40 16.3 11.5

40-50 17.4 14.9

50-60 16.3 17.9

60-70 13.3 23.8

70-80 8.7 15.5

80-90 3 0



Appl. Sci. 2021, 11, 9960 13 of 22

Figure 11. The light path of the roadway lighting through the lens: (a) Type A; (b) Type B.

Figure 12. The photometric curve of the roadway lighting design: (a) Type A; (b) Type B.

3. Results

The optical design is based on the above-mentioned zonal flux theory. Figure 13
displays the structure of the Type A and Type B roadway lighting lenses. Figure 14 is
the actual productions of the two lenses, which are assembled into the same roadway
lighting device, equipped with an intelligent lighting control system. In addition, an
imaging luminance meter is used for roadway lighting calculations, with a wider range of
sensing and an intelligent light control system that are used to build an adaptive roadway
lighting control strategic system, which aims to achieve efficient human-centric lighting.
The imaging luminance meter is used to calculate the value and uniformity of luminance,
whether it is a dry or slippery roadway. The feedback signal is used to control the smart
system, which will adjust and output optimal photometric light curves accordingly.

Figure 13. Geometric structure diagram of a roadway lighting lens: (a) Type A; (b) Type B.
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Figure 14. Human-centric roadway lighting (Lens A: R3 type; Lens B: W1 type).

3.1. An Overview of the Human-Centric Intelligent Roadway Lighting Syterm

The LED human-centric intelligent roadway lighting system includes three units: a
roadway image luminance recognition technology, an intelligent lighting control interface
and a human-centric LED roadway light. The framework is shown in Figure 15. The image
luminance meter detects the roadway luminance and returns the signal to the control
system IPC host for analysis. After the signal is calculated by the control logic of the system
algorithm, the command is then transmitted to the roadway lighting power supply through
the wireless communication protocol ZigBee, which will output the optimal photometric
light curve that meets the driver’s needs. In order to operate smoothly with the lighting
control module, as shown in Figure 16, the luminaire is designed with two lens that are
combined and adjusted by the partitioned power switch. In addition, wireless control
module ZigBee is used for signal control, which allows the system to be divided into
multiple groups of control signals in switching the output. There are multiple groups
of customizable channels with different lenses and light panels to meet the demands for
various light types and illuminances. Figure 17 is a schematic diagram of the system setup.
The intelligent roadway lighting control experiment on site is shown in Figure 18.

Figure 15. The structure of the human-centric roadway lighting system.

Figure 16. Schematic diagram of the human-centric intelligent LED roadway lighting control module.
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Figure 17. Deployment of the human-centric intelligent LED roadway lighting.

Figure 18. Installation of the LED roadway lighting system: (a) Sect. 3 of Gaotie South Road; (b) Sect.
5 of Gaotie South Road.

3.2. The Operation of the Human-Centric Intelligent Roadway Lighting System

This study selected a total of two roadways at Taoyuan City in Taiwan for the actual
human-centric intelligent roadway lighting system test. Each area was expected to install
24 LED street lights. In this article, each imaging luminance meter is used to control
12 lamps and was installed on a street lamp pole. The pole was also equipped with a
control system. The actual installation status on site is shown in Figure 18. Figure 19 shows
the imaging luminance meter observation results of the two test sites. The observation
range and sampling points can be adjusted according to the road type or the relative
position of the imaging luminance meter installed. The sampling frequency set by the
system reads the roadway luminance value once per minute to calculate the average
luminance and luminance uniformity of the tested area, which will then be used as a
reference for adjusting the light output of the human-centric intelligent roadway lighting.
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Figure 19. Observation results of the imaging luminance meter: (a) Sect. 3 of Gaotie South Road; (b) Sect. 5 of Gaotie
South Road.

The software presented in Figure 19 is the analysis software of ILM named ILMA,
which could set the measurement range, points, spacing and shutters, etc. ILMA is capable
of saving records, including real-time images, average luminance and luminance uniformity
(UO, UL) per minute, or on other time schedules, while also automatically ignoring the
motion of the vehicle to avoid getting the wrong calculation and data.

This article refers to CIE 140 (road lighting calculations), which suggests the distance
and height of the observer are 60 m and 1.5 m respectively. However, based on the actual
scenario at Taoyuan, Taiwan, the spacing of the installations were 45 m apart and the
mounting height of the roadway lighting was 10 m. Therefore, we installed ILMs on the
lighting pole, with a tilt angle (θILM) of 6.65◦, which were 60m from the “observe zone”
and 7 m in height, as shown in Figure 20, to reduce the influence of the rush hour traffic.

Figure 20. The installation of the ILM.

As the road surface conditions could not be the same everywhere, and the roads
in our scenario are not newly built surfaces, we used DIALux software to simulate the
relationship of the ILM and the observer to avoid external disturbance. Figure 21A,B are
the simulation of the luminance contour map of the Type A lens on the R3 road surface and
the Type B lens on the W1 road surface. Table 6(A) shows the DIALux simulation results
between the ILM and the observer on the R3 and W1 road surfaces, this table shows that the
Type A lens has better illuminance uniformity but is unqualified for luminance uniformity,
especially on the W1 wet road surface. In contrast to the Type A lens, the Type B lens has
good illuminance uniformity and also provides excellent luminance uniformity on the R3
and W1 road surfaces. Table 6(B) is the ratio of the ILM and observer regarding Type A and
Type B lenses. Lastly, we use the average ratio to compensate the ILM measurement result
when calculating the real luminance from the observer. When compared with Table 7,
we discover that the average luminance is different from Table 6(A) due to the actual
status of the road surface, or for other reasons. The simulation results are still helpful and
could be taken as a reference for optical design on the ideal road surface, especially in
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luminance uniformity to contribute to the early prevention of the zebra effect on any kind
of road surface.

Figure 21. (A) Luminance contour map of the Type A lens on the R3 road surface: (a) ILM; (b) observer. (B) Luminance
contour map of the Type B lens on the W1 road surface: (c) ILM; (d) observer.

Table 6. (A) The relationship of DIALux simulation between the ILM and the observer on the R3 and W1 road surfaces: (a)
Type A lens; (b) Type B lens. (B) The ratio of ILM and observer about Type A and Type B lenses.

(A)

Type A
R3 Road Surface W1 Road Surface

Type B
R3 Road Surface W1 Road Surface

Observer ILM Observer ILM Observer ILM Observer ILM

Lavg(nit) 1.27 1.18 3.45 3.16 Lavg(nit) 1.2 1.12 3.05 2.73

Uo = 0.4 0.52 0.53 0.31 0.3 Uo = 0.4 0.78 0.77 0.64 0.52

UL 5 0.6 0.53 0.58 0.37 0.44 UL 5 0.6 0.94 0.8 0.66 0.77

Eavg(lux) 7.62 Eavg(lux) 8.71

UE = 0.5 0.877 UE = 0.5 0.583

(a) (b)

(B)

ILM/Obs.

Type A Lens Type B Lens

R3 Road
Surface

W1 Road
Surface Average R3 Road

Surface
W1 Road
Surface Average

Lavg(nit) 0.929 0.916 0.923 0.933 0.895 0.914

Uo 1.019 0.968 0.993 0.987 0.813 0.900

UL 1.094 1.189 1.142 0.851 1.167 1.009

Table 7. The luminace level of Sect. 5 of Gaotie South Road.

Road Surface Wet Dry

Average Luminance(nit) 1.2–1.31 1.4–1.51
Luminance Uniformity(Lmin/Lavg) 0.35-0.48 0.78–0.82
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3.3. The Benefits of the Human-Centric Intelligent Roadway Lighting System

After a long-term observation using the imaging luminance meters, we have estab-
lished a roadway lighting adaptation model. Figure 22 compares the lighting conditions
for when the road is wet and dry. The level of luminance value is shown in Table 7. The
average luminance of the wet road is around 8.5–12%, which is lower than that of the
dry road, and the luminance uniformity drops below 0.5. Therefore, according to the
data obtained, we can use this to set up control logic of the output of the street light type.
When the system considers the road condition to be wet and slippery, it will switch to the
uniform luminance light distribution, if the road surface is dry it will switch to a uniform
illuminance light distribution.

Figure 22. The luminance level in Sect. 5 of Gaotie South Road: (a) dry surface; (b) wet surface.

According to the records of road luminance uniformity by the ILM from September, we
collected the highest and lowest value per day from 19:00–04:00. The standard deviations
are shown in Table 8:
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Table 8. The standard deviation of luminance longitude uniformity.

September
Sect. 3 of Gaotie South Road Sect. 5 of Gaotie South Road

High Level Low Level High Level Low Level

Average 0.798 0.631 0.781 0.608

Stand deviation
(individual) 0.039638646 0.25896911 0.033194712 0.272890902

Stand deviation
(month) 0.185251481 0.194385356

Taking Section 5 of Gaotie South Road as an example, from left to right, Figure 23
shows Type A distribution on dry roads, Type A distribution on wet roads and Type B
distribution on wet roads. From what we can tell, the Type A distribution shows good
uniformity on dry roads. When applied to wet roads, the change in road surface reflectance
produces a strong contrast (causing the zebra effect). However, if the light is switched to
the Type B distribution it can provide drivers with a relatively safer and more comfortable
driving experience where they are able to see the road surface more clearly. Therefore, the
intelligent roadway lighting system proposed in this paper used an imaging luminance
meter to detect the roadway lighting status and automatically switch and adjust to the
optimal output of light distribution to achieve the best road lighting conditions. The main
focus of our research is decreasing the zebra effect; due to the road luminance factor q0
(related to the overall reflectance of the pavement) it is different for each roadway surface.
Before designing the secondary optical lens for roadway lighting, it is important to define
which kind of road surface is our target. In this case, we chose wet road surface (W1) as
our design target, and one of our two lenses named Type B (uniform luminance) achieved
the target of uniform luminance for improving the zebra effect on wet roads.

Figure 23. The lighting conditions in Sect. 5 of Gaotie South Road: (a) Type A lens on a dry road surface; (b) Type A lens on
a wet road surface; (c) Type B lens on a wet road surface.

4. Discussion

The engineering design requirements of roadway lighting usually take both the road
surface illuminance and the luminance conditions into consideration. Among them, road
surface luminance is highly related to the visual experience of the road users. Hence, road
surface luminance performance has been regulated around the world as an important eval-
uation index. Since the luminance value is inseparable from the reflection characteristics
of the pavement material, if the scattering characteristics of the road surface change it
would also cause a significant visual difference. Hence, the luminance value of the roadway
lighting should be adjusted according to the road conditions. For example, the reflectivity
of wet and slippery roads in rainy days is higher than that of dry roads where uneven
reflection spots on the road are likely to cause indirect glare or poor uniformity, which
contribute to the degrees of risk while driving.
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Traditional roadway lighting optics are all designed with fixed light distribution.
Usually, the road surface material is preset to R3 pavement characteristics as the standard
parameter when evaluating the luminance distribution. Therefore, it is relatively difficult
for traditional lighting to adapt to various environmental conditions. In situations where
the weather or road surface conditions change abruptly, drivers will be exposed to poor
lighting quality since the uniformity of the light distribution is usually designed for stan-
dard road surface conditions. Hence, when it comes to bad road conditions, the visual
uniformity will drop drastically also. This paper proposes a LED human-centric roadway
lighting system that can adapt to different road conditions, hoping to provide drivers with
a safer road environment at all times.

In this paper, an imaging luminance meter (ILM) is used for detecting and monitoring
the luminance uniformity of road lighting. During 2007, due to the increasing awareness
for energy saving and safety, one study [38] used an ILM to measure and analyze the
luminance level of different kinds of road surface and of intelligent street lighting. In that
particular article, measurement results of different road surface conditions including dry,
wet and snow-covered roads are proposed. The results show that the luminance of the
snow-covered roads is significantly higher than that of dry and wet roads. In addition,
dry roads and snow-covered surfaces are less susceptible to height and distance when
measuring and the standard deviation of luminance is around 0.03 and 0.02 respectively.
While the measurement result of the wet road is much more susceptible to the observation
point, which leads to a different measurement value. Therefore, when comparing the
luminance level measured from the driver’s position with the installation point of the
ILM, the luminance values of dry roads are relatively close while the luminance level of
wet roads can reach a difference of more than 10%, which is close to the results of this
paper. However, they did not mention the road pavement materials in their study. In our
paper, we have stated clearly that we have used the R3 dry road surface and the W1 wet
road surface for optical design and luminance measurement, so as to solve the zebra effect
by improving the longitudinal uniformity of the road surface. Moreover, the adaptive
roadway lighting system we established is able to monitor the road surface condition when
it is affected by the weather in real time, through the ILM, and automatically switch to the
most suitable type of lens to maintain high uniformity and ensure the safety of road users.

This research integrated many kinds of technology, from optical design to smart
lighting control, to contribute and establish a lighting uniformity on the road surface.
This is also the first project that imports an ILM system to roadway lighting in Taiwan.
The project prior to this research focused more on energy saving, auto failure report, fast
maintenance, etc., but this study focused on drivers’/road users’ safety, especially when it
comes to driving on wet or slippery roads. Therefore, we designed LED fixtures with two
types of photometric distribution, which are able to adapt to various road surface types,
and used an ILM for sensing the lighting uniformity status on the road surface, enabling it
to switch to the most suitable types of optic lenses accordingly.

The next step of this HCL LED system will be discussing the dimming strategy;
due to maintenance issues, when undergoing the lighting design step, a higher level of
illuminance and luminance at the initial step is applied in practice. Therefore, we need to
further study the suitable dimming level based on the roadway lighting standard. This
paper aims to propose a systematic method that makes roadway lighting intelligent by
integrating an ILM device, which will hopefully garner and ensure the safety of the drivers.

5. Conclusions

This article proposes a design and control strategy for LED human-centric intelligent
roadway lighting. First, it is based on the theoretical analysis of zonal flux. A simple and
fast secondary optical design method for LED roadway lighting was established, aiming to
achieve both road illuminance uniformity and luminance uniformity of the photometric
light curve as the design goal. Thus, two types of optical lenses were produced and
assembled to a street lamp to meet various lighting needs. In addition, they were equipped
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with an imaging luminance meter to detect the luminance level of the road in real time.
Then, the return signal was used to adjust the output of the street lamp in a timely manner
through the ZigBee wireless transmission control interface to meet the lighting demands,
whether the road was wet or dry road. Then, a roadway lighting evaluation in practice
was carried out where we found out that the lens designed for luminance uniformity
did indeed provide quality road lighting, giving drivers a safer and more comfortable
road environment.

Another future application of this research is for an autonomous car in the future.
Taoyuan City in Taiwan has always aimed to be an advanced smart city and a demonstration
field for an autonomous car. However, non-uniform luminance will cause not only the
zebra effect but also unclear road markings. An autonomous car will configure the path of
travel using camera images to check road markings. Based on the result of this research,
we can now lower the chances of the zebra effect on the dry and wet road surface by using
an ILM to automatically sense and switch optic lenses. With the novelty of this article’s
findings, we can collaborate and integrate it with the future autonomous car system, which
combines luminance sensing with imaging recognition by using an advanced ILM device.
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